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INTRODUCTION: The efficient insertion of gene-sized DNA se-
quences at user-specified genomic sites is a long-standing goal in
genome editing. Although current editing methods can correct
most disease-causing mutations, the genetic diversity underlying
many disorders will require the design and regulatory approval of
many mutation-specific strategies—substantially limiting the
number of patients who can benefit from therapeutic genome
editing. Programmed genomic integration of a healthy gene copy
could offer a mutation-agnostic treatment for loss-of-function
genetic diseases. Additionally, targeted gene integration enables
other applications, including cancer immunotherapies, transgenic
cell and animal models for basic research, and metabolic
engineering.

RATIONALE: CRISPR-associated transposases (CASTs) are naturally
occurring bacterial systems that exploit nuclease-deficient
CRISPR machinery to integrate DNA at genomic locations specified
by guide RNAs. CASTs offer many attractive qualities as a genome
editing tool, including facile programmability, compatibility

with multi-kilobase-scale DNA cargo, and avoidance of genomic
double-strand DNA breaks. Despite this promise, wild-type CASTs
reported to date support minimal integration in human cells
(often <0.1% of treated cells). We reasoned that this low efficiency
may stem from naturally evolved, suboptimal transposition
catalysis that mitigates mobilization-induced fitness cost to the
host. To enable efficient CAST integration in human cells, we
developed a phage-assisted continuous evolution (PACE) system
that rapidly evolves CAST variants capable of fast targeted
transposition and applied CAST-PACE to a prototypical Type I-F
CAST system from Pseudoalteromonas.

RESULTS: We linked on-target DNA integration in Escherichia coli to
the propagation of continuously mutating phage genomes encoding
evolving CAST components. After hundreds of generations of
continuous selection, replication, and mutation in which the
resulting phage survived an overall 10°%-fold dilution, we generated
an evolved variant of the CAST transposase protein TnsB that
mediated >200-fold improved integration activity in human cells.
The evolved TnsB contains 10 activity-enhancing mutations located
throughout the protein, which likely modulate several distinct
interactions with other CAST components. Notably, the evolved
TnsB mediated efficient integration activity in human cells without
requiring codelivery of the bacterial CAST accessory protein, ClpX,
which is cytotoxic. We combined this evolved TnsB with other
PACE-evolved and rationally engineered CAST components to yield
evoCAST, a system optimized for human-cell integration activity.
EvoCAST achieved 10 to 30% integration efficiencies across 14 genomic
targets in human cells, representing a 420-fold average improve-
ment over wild-type CAST. EvoCAST supported large DNA cargoes
>10 kb and mediated the integration of several therapeutic payloads
at disease-relevant genomic sites, including safe harbor loci, sites

Science 15 MAY 2025

DNA integration Phage-assisted continuous evolution
by CRISPR-associated transposases (CASTs) (PACE) of CASTs Evol
volving
CAST phage
CRISPR-associated Targeted DNA integration variants
complex activates phage propagation
Transposase éf
~ é VAN complex Target 2 glll u (Pdi
T p— ! )
Target ¢ Integrated DNA e Target o ;m— 00
Host E. coli
Evolved CAST variants in human cells Applications of evoCAST
>200-fold improvement 5 o 20
- = Mutation-agnostic therapeutic editing
< Mutated exons g
g e &
S0 A
3 T
g, . l evoCAST E
=
- — m T N 0
0 AP ORANS
p——
SRk
Evolution @ WV

PACE-evolved CASTs mediate efficient, programmable gene integration in
human cells. CASTs exploit a nuclease-deficient CRISPR-Cas system to recruit a
transposase complex that catalyzes DNA integration (top left). We developed a
PACE selection that links integration to propagation of phage that encode
transposase components (top right), yielding an evolved CAST that supports
>200-fold improved integration in human cells (bottom left). EvoCAST enables
efficient and targeted integration of therapeutically relevant genes at many genomic
loci (bottom right), paving the way for mutation-agnostic therapies for loss-of-
function genetic diseases.

for cancer immunotherapy engineering, and genes implicated in
loss-of-function genetic diseases. EVoCAST also performed targeted
integration in multiple human cell types, including primary human
fibroblasts, and exhibited high product purity, with no detected
insertions and deletions (indels), predominantly unidirectional
cargo insertion, single-base pair precision of integration, and low
levels of off-target integration.

CONCLUSION: This work establishes CAST as a powerful platform
technology for efficient, RNA-guided gene integration in human
cells. The advantages of evoCAST—including its simple program-
mability, single-step integration mechanism, and avoidance of
genomic double-strand breaks—make it well-suited for many
applications in the life sciences and therapeutics, including the
capability to address genetically diverse patient populations
through a single editing agent. The CAST PACE system developed
in this work also provides a strategy for improving the properties
of other naturally occurring CASTs toward their use for efficient
human-cell genome editing. [
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Programmable gene integration in human cells has the
potential to enable mutation-agnostic treatments for loss-of-
function genetic diseases and facilitate many applications in
the life sciences. CRISPR-associated transposases (CASTs)
catalyze RNA-guided DNA integration but thus far demonstrate
minimal activity in human cells. Using phage-assisted
continuous evolution (PACE), we generated CAST variants with
>200-fold average improved integration activity. The evolved
CAST system (evoCAST) achieves ~10 to 30% integration
efficiencies of kilobase-size DNA cargoes in human cells across
14 tested genomic target sites, including safe harbor loci, sites
used for immunotherapy, and genes implicated in loss-of-
function diseases, with undetected indels and low levels of
off-target integration. Collectively, our findings establish

a platform for the laboratory evolution of CASTs and advance

a versatile system for programmable gene integration in

living systems.

Advances in programmable nucleases (I-4), base editors (5-8), and
prime editors (9-12) have enabled the disruption, installation, or cor-
rection of virtually any specified genomic DNA sequence <200 base
pairs (bp) in size. These technologies have been effectively deployed
in the clinic as one-time treatments for various genetic disorders
(13-16), with more than 60 clinical trials underway (17).

Despite this progress, the targeted insertion of gene-sized (>1 kb)
DNA sequences into specified genomic sites in mammalian cells re-
mains a long-standing challenge in genome editing and gene therapy.
The mutational heterogeneity underlying many genetic diseases (I18),
such as cystic fibrosis, Stargardt disease, and hemophilia B, compli-
cates maximizing the fraction of patients that can benefit from thera-
peutic genome editing. Individual nuclease, base editing, and prime
editing approaches that target pathogenic alleles typically cannot
benefit patients with other mutations in the same gene, necessitating
the development and regulatory approval of many different genome
editing strategies to treat diverse patient cohorts.

Traditional gene addition therapies use viruses to provide healthy
gene copies that rescue loss-of-function mutations (79), enabling a
single-treatment strategy for many mutations in the same gene.
Although effectively used in clinical applications (19), viral gene thera-
pies face limitations, including risks of oncogenic DNA integration
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(which can be attenuated by vector design) (19, 20), potential need for
redosing (21), and immune responses to viral vectors (22). Moreover,
genes expressed exogenously or from ectopic genomic loci lack their
native regulatory contexts, which can lead to underdosing, overdosing,
silencing, or dysregulated function (23-25).

Programmable insertion of large DNA sequences at endogenous
genomic sites could enable one-time, permanent, mutation-agnostic
therapies for loss-of-function diseases through the installation of a
healthy gene copy at the native locus or a safe-harbor locus. Addi-
tionally, programmable DNA insertion could facilitate many other
therapeutic and life sciences applications, including the streamlined
production of cancer immunotherapies requiring transgenes [e.g.,
chimeric antigen receptor (CAR) T cell therapy] and the simplified
generation of transgenic cell lines and model organisms requiring
large payloads.

Nucleases such as CRISPR-Cas9 generate targeted DNA double-
strand breaks (DSBs) that can stimulate incorporation of exogenous
donor DNA through homology-directed repair (HDR) (2, 3, 26) or
end-joining pathways [e.g., homology-independent targeted integra-
tion (HITI)] (27). However, HDR requires cellular machinery typi-
cally only expressed in dividing cells (28), preventing its efficient
application in most therapeutically relevant cell types. Although HITI
can occur in nondividing cells, integration events lack both orienta-
tion and copy number control (27). Additionally, DSBs lead to un-
controlled formation of insertions and deletions (indels) at rates
comparable to or higher than that of desired DNA integration (4, 27)
and are associated with undesired cellular consequences, including
chromosomal translocations (29), large deletions (29), and p53 acti-
vation (30).

Engineered fusions of transposase and recombinase domains to
Cas9 can support DNA integration without requiring DSB formation,
but thus far they have shown low efficiency at genomic loci in human
cells and frequent off-target integration (37-34). The combination of
prime editing and site-specific recombinases (PASSIGE) (35-37) can
mediate the efficient targeted installation of recombinase attachment
sites followed by recombinase-mediated cargo gene insertion. This
approach, however, requires coordinated prime editing and recombi-
nase systems to catalyze multiple successive enzymatic steps, which
can generate undesired by-products such as indels and attachment
sites lacking cargo gene insertion (35-37). Developing programmable
DNA insertion strategies that avoid genomic DSB formation, offer high
product purity, and proceed in a single enzymatic step would comple-
ment existing approaches and potentially enable new research and
therapeutic applications.

CRISPR-associated transposases (CASTs) are recently discovered
bacterial systems that use RNA-guided, nuclease-deficient CRISPR-
Cas systems to direct kilobase-scale transposon insertion by Tn7-like
transposases (38-40) (Fig. 1A). Tn7-like transposons have exapted
multiple distinct CRISPR-Cas subtypes, with type I-F and type V-K
CASTs comprising the most extensively characterized systems to date.
Type I-F CASTs are especially promising for genome editing applica-
tions, exhibiting high insertion efficiency, high on-target specificity,
high directionality bias, high product purity, and low incidence of
tandem-insertion by-products in Escherichia coli (39, 41-43).

Despite robust efficiency in bacteria, type I-F CASTs reported to date
are minimally active in human cells (44). Assessment of diverse type
I-F CASTs in human embryonic kidney (HEK) 293T cells identified a
Pseudoalteromonas sp. S983 system (PseCAST, from Tn7016) with
<~0.1% genomic DNA insertion efficiency, which improved to ~1%
efficiency when supplemented with the bacterial unfoldase ClpX, albeit
with increased cytotoxicity (44). Although the low activity of PseCAST
in human cells could arise from many potential explanations, we rea-
soned that insertion efficiency might be limited by transposition ca-
talysis or DNA binding, which may have naturally evolved suboptimally
to mitigate host fitness costs from excessive transposition (45).
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Fig. 1. Phage-assisted continuous evolution (PACE) of CRISPR-associated transposases (CASTs). (A) Overview of RNA-guided DNA integration by type I-F CAST. DNA targeting is
mediated by the CRISPR effector complex Cascade, comprising Cas6, Cas7, Cas8, and a CRISPR RNA (crRNA) complexed with the transposition protein TniQ (together referred to as
QCascade). Target DNA-bound QCascade recruits the AAA+ ATPase TnsC, which subsequently recruits the heteromeric TnsA-TnsB transposase to catalyze excision of the transposon
DNA and integration of the transposon at the target locus. (B) Overview of PACE for CAST evolution. Selection phage (SP) encodes evolving CAST proteins. Host E. coli encode a

selection circuit that links CAST integration to glil expression, which produces the essential phage protein plll. Production of plll enables SPs encoding active CAST proteins to replicate.

PACE occurs in a fixed-volume vessel (the “lagoon™) under constant dilution with fresh host E. coli, such that only SPs propagating faster than the rate of dilution can persist and evolve.

(C) Anatomy of the initial CAST PACE selection circuit. An SP encodes evolving transposase proteins TnsA-TnsB [an artificial fusion generated in (44)] and TnsC, whereas nonevolving

CAST components are encoded on a complementary plasmid (CPL). Integration of a transposon provided on a second complementary plasmid (CP2) into a crRNA-specified target
site on the accessory plasmid (AP) installs a promoter upstream of glll, resulting in glll expression and SP propagation. Replicating SPs accumulate mutations induced by a mutagenesis
plasmid (MP) (48), such that progeny SPs encode new CAST protein variants for selection in subsequent generations.

In this study, we report the application of phage-assisted continuous
evolution (PACE) (46) to evolve CAST systems that function efficiently
in human cells. We evolved the PseCAST transposase module toward
increased catalysis through hundreds of generations of mutation, se-
lection, and replication, yielding an evolved transposase variant with
>200-fold average improved integration activity in human cells compared
with that of wild-type PseCAST, without requiring ClpX. Structure-
guided engineering of the DNA-targeting module of PseCAST further
improved efficiency, synergizing with the evolved transposase to yield
an optimized, evolved CAST (evoCAST) system. EvoCAST supported 10
to 30% insertion efficiencies of kilobase-sized DNA cargoes at 14 tested
genomic loci in HEK293T cells, with similar efficiencies in primary human
fibroblasts. EvoCAST retained favorable aspects of wild-type PseCAST
integration, including high regiospecificity, near unidirectional inser-
tion, and undetected genomic indel formation. Collectively, these results
establish a platform for the evolution of CAST systems toward in-
creased activity in mammalian cells and represent a milestone in the
development of CASTs for targeted, DSB-free DNA insertion with thera-
peutically relevant efficiencies.

Results

Development of CAST PACE

PACE maps the key steps of traditional, stepwise directed evolution onto
the M13 bacteriophage life cycle, accelerating the laboratory evolution
of biomolecules by >100-fold with minimal researcher intervention
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(46, 47) (Fig. 1B). During PACE, a selection phage (SP) expresses an
evolving gene of interest in place of gIII, an essential gene for phage
replication. gIII is instead encoded on an accessory plasmid (AP) in host
E. coli under a transcriptional circuit linking gIII expression to the de-
sired activity of the protein of interest. SP populations are mutagenized
through an inducible mutagenesis plasmid (MP) (48) and diluted with
fresh cells, either continuously (PACE) or periodically [phage-assisted
noncontinuous evolution (PANCE)] (47), in fixed-volume “lagoons.”
PACE has been used to evolve many proteins of diverse function, includ-
ing polymerases (46, 49-51), proteases (562-54), protein-binding proteins
(65-57), DNA-binding proteins (58), degrons (59), metabolic enzymes
(60), and genome editing agents (10, 61-70).

PACE efficiently and unbiasedly explores vast sequence spaces, and
it exhibits few requirements beyond the evolving protein’s ability to
induce gIII expression in E. coli. These aspects make PACE well-suited
for evolving type I-F CASTs, which are large, multicomponent systems
lacking extensive structural and biochemical characterization, limiting
rational engineering. Motivated by our hypothesis that integration ca-
talysis may bottleneck activity in human cells, we focused evolution on
the transposase module of PseCAST (43, 44) by encoding TnsA, TnsB,
and TnsC (referred to hereafter as TnsABC) on the SP.

To evolve TnsABC for increased integration efficiency, we developed
a PACE selection linking transposition activity to phage propagation
(Fig. 1C). Host cells contain a complementary plasmid 1 (CP1) that ex
presses the PseCAST components (QCascade) promoting DNA target
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binding (43). The selection requires targeted insertion of a transposon-
encoded promoter sequence, provided by complementary plasmid 2
(CP2), upstream of a promoterless gIII on the AP. An SP encoding an
active TnsABC variant supports promoter transposition from CP2 to AP,
activating gIII expression and propagation of that SP. To increase selec-
tion stringency throughout evolution, we developed CP2 constructs with
progressively weaker promoter strengths, requiring more integration
events into the multicopy AP to trigger sufficient g/II expression for SP
propagation before dilution out of the lagoon.

Despite high integration activity in E. coli (43), wild-type TnsABC did
not support SP propagation, even on the least-stringent selection circuit
(fig. S1A). This finding suggested that, under the conditions tested, wild-
type TnsABC catalysis may be too slow to activate SP propagation, which
requires glII activation within minutes to hours of infection (47).
Overnight incubation of TnsABC SP with host E. coli yielded low but detect-
able RNA-guided CP2 transposon integration at the AP (0.0036%) (fig.
S1B), verifying that the PACE circuit can be triggered, albeit weakly, by
wild-type PseCAST. Luciferase reporter assays indicated that CP2 trans-
poson integration at the AP is sufficient to activate downstream gene
expression (fig. S1C), and overnight propagation assays demonstrated
that PseCAST expression does not interfere with phage propagation (fig.
S1D). Collectively, these findings suggested that this CAST PACE selection
(circuit 1.0, fig. S2A) can link the integration activity of an SP-encoded
TnsABC to SP propagation if kinetically enhanced TnsABC variants en-
able transposition on a timescale relevant for phage replication.

Evolution of TnsABC

We initiated evolution of wild-type TnsABC using PANCE (Fig. 2A and
fig. S3A), a less-stringent alternative to PACE in which dilution with
fresh host cells occurs serially after overnight phage propagation (47).
To allow weakly active SP variants to accumulate new mutations in the
absence of selection, we alternated passages on the selection E. coli
strain with passages on a “drift strain” that provides CAST-independent
gIII expression, allowing recovery and further diversification of surviv-
ing genes (47). After 13 passages on host cells (PANCE N1), pooled SPs
demonstrated ~10°-fold improved overnight propagation on the selec-
tion strain and 320-fold improved integration at the AP (Fig. 2B). These
data indicated that PANCE successfully linked SP propagation with the
integration activity of evolving TnsABC variants.

SP from N1 propagated at levels sufficient for PACE, thus we initiated
PACE (P1) with Ni-derived SP (Fig. 2A and fig. S3B). After 48 hours of
PACE, all evolving P1 populations were dominated by “cheating” SPs
that propagated independently of TnsABC activity by acquiring a copy
of gIII. Sequencing revealed that P1 SPs obtained gZII through aberrant
integration of the entire posttransposition AP vector into the SP (fig. S4
and supplementary text). To reduce the risk of undesired gZII acquisition
in future evolutions, we developed PACE circuit 1.1, which uses a split-
intein pIII (56) with each half encoded on either the AP or CP1 (fig. S2B).
With this design, full-length glII acquisition by the SP would require
integration or recombination of both the AP and CP1 into the same SP
genome, which is unlikely.

With two integration events, instead of one, now driving full-length
gIII expression within circuit 1.1, P1-derived SPs exhibited reduced
overnight propagation compared with circuit 1.0 (fig. S3, E and F).
Therefore, we performed PANCE (N2) using circuit 1.1, seeding lagoons
with clonal AgIII SP from P1 (Fig. 2A and fig. S3C). After 20 pas-
sages of alternating selection and drift, the N2 SP pool still showed
insufficient propagation for PACE (fig. S3F). To amplify signal from
integration events, we developed circuit 1.2, which contains a modi-
fied CP1 that links integration to T7 RNA polymerase expression and
places the N-terminal gZII half under the control of a T7 promoter
(fig. S2C). Using circuit 1.2, we initiated PACE (P2), seeding lagoons
with an N2 SP pool and evolving for 144 hours (Fig. 2A and fig. S3D).

SP variants from N1, P1, N2, and P2 evolution experiments exhibited
increasing levels of overnight propagation and integration at the AP,
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indicating that PACE successfully enriched active TnsABC variants (Fig.
2B and fig. S2, E to G). Evolved variants contained diverse mutations
across TnsA, TnsB, and TnsC, with generally little mutational conver-
gence across independently evolving SP populations (table S1). Taken
together, these findings indicated that PACE explored multiple trajec-
tories for increasing TnsABC-mediated integration efficiency.

Characterization of evolved ThsABC variants

We evaluated evolved TnsABC variants in HEK293T cells, focusing on
best-performing variants (through N2) and representative P2 variants
(Fig. 2, C and D). Unless otherwise noted, all human-cell integration
assays assessed 1-kb transposon integration efficiencies without ClpX
supplementation, quantified through droplet digital polymerase chain
reaction (ddPCR) (44) (figs. S5 to S7). Evolution through N2 substantially
improved integration at two endogenous genomic loci, increasing from
an average 0.062% for wild-type PseCAST to an average 3.6% for the
best-performing TnsABC variant, N2-1 (Fig. 2D). However, whereas the
P2 SP pool supported the highest overnight propagation and AP integra-
tion (Fig. 2B), P2 TnsABC variants were substantially less active than
the N2-1 variant in HEK293T cells (Fig. 2D). These findings suggested
that TnsABC variants evolved fitness gains in E. coli during P2 that did
not result in higher human-cell activity.

To better understand the disconnect between PACE fitness and
human-cell integration activity, we evaluated the individual contribu-
tions of evolved TnsAB [the heteromeric transposase (71)] and TnsC
[an AAA+ adenosine triphosphatase (ATPase ) regulator of transpo-
sition (72, 73)] to SP propagation in PACE and DNA integration in
HEK293T cells (Fig. 2, E and F). Whereas P2-derived TnsAB and TnsC
synergized to increase SP propagation (Fig. 2E), P2-derived TnsC vari-
ants reduced integration efficiencies in HEK293Ts on average by 2.8-
fold compared with efficiencies mediated by wild-type TnsC (Fig. 2F).
These data suggested that TnsC acquired mutations during P2 that
decreased human-cell integration activity despite improving SP fit-
ness in PACE.

Reversion analysis of P2 TnsC variants identified D44G (D44—G),
D44N, and N316D, three highly conserved mutations among P2 variants
(table S1), as the source of reduced activity in human cells (fig. S8, A and
B). Overnight propagation assays confirmed that these mutations ben-
efited SP propagation (fig. S8C), suggesting that TnsC-mediated deter-
minants of PseCAST activity differ between E. coli and human cells.
According to an AlphaFold3-predicted (74) TnsC model, D44 is near the
ATP-binding pocket, and N316 lies at the interface between adjacent
TnsC monomers near the target DNA (fig. S8D). Current models of type
I-F CAST mechanism (39, 73) suggest that ATP binding and TnsC oligo-
merization are necessary for recruitment to the QCascade-bound target
site. Because the DNA target search space in E. coli is much smaller than
in human cells (75), we speculate that PACE optimized TnsC for improved
target engagement in E. coli through mutations that did not benefit activ-
ity in human cells.

Evolution of ThsAB

To more effectively evolve variants that are active in human cells, we
developed PACE circuit 2.0, which encodes TnsC on CP1 instead of
the SP, thereby restricting evolution to TnsAB (fig. S2D). In addition,
we simplified the circuit by removing split-intein g/l and instead
encoding full-length gZII on an enlarged AP (10 kb). Aberrant AP re-
combination into the SP would yield a phage genome exceeding the
M13 phage-packaging capacity (47), thus reducing the risk of cheating
through gIII acquisition. During circuit 2.0 design, we reported that
the transposon left ends of type I-F CASTs contain a conserved binding
site for bacterial integration host factor (IHF) (76). IHF promotes
transposition activity of some type I-F CASTs in E. coli, including
PseCAST to a weak extent (76). Thus, to prevent the evolution of IHF-
dependent fitness, which would not translate to human cells, we mu-
tated the IHF binding site in the transposon left end in CP2 (fig. S2D).
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evolution segment, and glll-expressing phage (positive control for propagation). The x axes indicate host E. coli variants encoding circuit 1.0. Host A was used for PANCE N1. Hosts B and
C are of increased selection stringency, manipulated by reducing the promoter strength in the transposon on CP2 and reducing the ribosome binding site strength upstream of glll on
the AP.Host NT A is host A with a nontargeting crRNA. The left graph shows phage propagation levels (output phage titer divided by input titer). The right graph shows transposon
integration efficiencies at the AP target site in E. coli after overnight propagation, measured by quantitative PCR. Promoter and ribosome binding site strengths for each host are shown
in table S9. (C) Genotypes of a subset of evolved TnsABC variants. Variants N1-1, P1-3, and N2-1 showed the highest integration activity among the variants emerging from their
respective PANCE or PACE experiments at two tested genomic sites in HEK293T cells (fig. S7). Variants P2-2, P2-7,and P2-11 are representative of the genotypes that emerged from

P2 (table S1). (D) One-kilobase transposon integration at two genomic loci in HEK293T cells, using WT and evolved TnsABC variants specified in (C). (E and F) Assessing the
contributions of P2-derived ThsAB and TnsC subunits to overnight phage propagation levels on P2 host E. coli (E) and 1-kb transposon integration efficiency in HEK293T cells (F). Data

in (B) and in (D) to (F) are shown as mean + SD for n = 3 independent biological replicates.

Selection circuit 2.0 yielded poor SP propagation (fig. SOC), which was
likely the result of moving TnsC from a high-copy SP to a low-copy CP1.
We therefore evolved TnsAB variants P1-3 and N2-1, which exhibited high
activity in HEK293T cells, using selection circuit 2.0 in PANCE (N3) for
25 passages, alternating selection with drift through passage 16 (Fig. 3A
and fig. SOA). After N3, we seeded PACE (P3) with SPs encoding N3 TnsAB
variants and evolved for 140 hours (Fig. 3A and fig. S9, B and D), using a modi-
fied circuit 2.1 architecture (figs. S2E and S10 and supplementary text).

We isolated and characterized many TnsAB variants emerging from
N3 and P3 (table S1 and fig. S11, A and B). In contrast to previous TnsABC
evolutions (fig. S7), most evolved TnsAB variants showed improved edit-
ing in HEK293T cells (fig. S11, A and B). Mutations in TnsB alone were
sufficient to achieve maximum editing levels from the top-performing
variants (fig. S11C), suggesting that TnsB-related activities, which include
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transposon end binding and transesterification catalysis (72), represent
key bottlenecks limiting PseCAST activity in human cells.

Evolution of TnsB

Given the above findings, we restricted evolution to TnsB by develop-
ing PACE circuit 3.0, which encodes TnsA on CP1 instead of the SP (fig.
S2F). We recently demonstrated that bacterial protein ClpX enhances
type I-F CAST activity in HEK293T cells, although with considerable
cytotoxicity (44) (fig. S12). To prevent evolution of ClpX-dependent
fitness in PACE, we developed a host E. coli strain lacking endogenous
clpX. When we used circuit 3.0, this strain reduced overnight propa-
gation of TnsB-encoding SP by ~200-fold, whereas propagation of a
gllI-encoding SP was unaffected (fig. S13A). These data implicated
ClpXin E. coli-based PseCAST activity and revealed an altered selection
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Fig. 3. TnsAB- and TnsB-focused evolution generate transposase variants that support robust integration in human cells. (A) Summary of the evolution

campaign that yielded the evolved TnsB variant, P4-15, with the highest activity in HEK293T cells. Whether evolution segments were conducted in PANCE or PACE is specified,
with PANCE passages or PACE hours indicated. Circuit architectures are described in fig. S2. (B) Genotypes of top-performing TnsB variants from each evolution segment.

(C) One-kilobase transposon integration in HEK293T cells at two genomic sites by TnsB variants shown in (B). (D) Fold change in integration efficiencies upon cotransfection
with a plasmid expressing E. coli ClpX. The dotted line represents no change upon ClpX expression. (E) Mutated residues in the P4-15 TnsB variant mapped onto an AlphaFold3-
predicted structure of a PseTnsAB tetramer complexed with a DNA substrate that mimics the product of TnsB transesterification. TnsA structures are omitted for clarity. The full

TnsAB complex and alignment to a recently determined TnsAB structure from a type I-B

CAST (77) are shown in fig. S16. Each transposon end (green) contains one full TnsB

binding site that is joined to the 5’ end of target DNA (blue). Low-confidence unstructured C-termini of TnsB monomers [containing residues with predicted local distance
difference test (pLDDT) < 70] are not shown. (Left) All mutated P4-15 residues are shown in red, with the catalytic metal-coordinating DDE residues in TnsB.1 and TnsB.3 shown
in orange. (Top right) Mutated Y349 residue predicted to contact transposon DNA. (Bottom right) Multiple predicted TnsB+TnsB interfaces that contain mutated residues.
(F) The mutated Q594 residue (red) in the P4-15 TnsB variant mapped onto an AlphaFold3-predicted structure of the PseTnsB C-terminal “hook” domain in complex with a PseTnsC

heptamer. Data in (C) and (D) are shown as mean + SD for n = 3 independent biological

replicates. AlphaFold3-predicted structures in (E) and (F) are available on Zenodo (124).

Single-letter abbreviations for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; G, Gly; H, His; K, Lys; L, Leu; N, Asn; P, Pro; Q, GIn; R, Arg; T, Thr; V, Val; and Y, Tyr.

pressure when evolving TnsB in a AclpX host, leading us to perform
all evolution experiments with circuit 3.0 in this AclpX host.

We focused evolution on P3-13 TnsB, the best-performing TnsB vari-
ant from P3 (Fig. 3, E and F). P3-13 TnsB SP did not propagate suffi-
ciently for PACE (fig. S13A), thus we initiated PANCE (N4) on P3-13
TnsB, performing 18 selection passages (Fig. 3A and fig. S13B). We used
the evolved N4 SP pool to seed PACE (P4), evolving for 108 hours (Fig.
3A and fig. S13, C and D). Most P4 TnsB variants showed improved
activity in HEK293T cells compared with P3-13 (fig. S14A), with the
best-performing variant, P4-15, averaging 12% integration efficiency
across three genomic loci (Fig. 3, B and C). Although TnsAB and TnsB
evolution campaigns used a transposon left end with a mutated IHF
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binding site, representative P4 TnsB variants performed similarly with
wild-type or mutant left ends in HEK293T cells (fig. S14B). Additionally,
P4-15 TnsB, despite evolving as an unfused peptide in PACE, still mediated
the highest editing in HEK293T cells when fused to TnsA through a bipar-
tite nuclear localization signal (NLS) linker (fig. S10C), previously found
to be the optimal configuration for wild-type TnsB in human cells (44).

Evolving P4-15 TnsB in higher-stringency host cells with reduced CP2
promoter strength failed to improve human-cell integration activity, as
did introducing mutations from other highly active P4 TnsB variants
into P4-15 TnsB (fig. S14). This plateau may indicate that the evolved
P4-15 TnsB variant no longer bottlenecks integration efficiency under
the conditions tested or that new selection pressures or evolutionary
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trajectories need to be explored for TnsB PACE to continue improving
integration activity. Overall, phage encoding P4-15 TnsB experienced a
total 10°%%-fold dilution over 76 PANCE passages and 296 hours of PACE,
corresponding to hundreds of evolutionary generations.

Characterization of evolved TnsB variants

We next performed in-depth characterization of P4-15, the most prom-
ising evolved TnsB variant. First, we assessed whether ClpX affected
integration mediated by P4-15 (Fig. 3D). ClpX is hypothesized to facili-
tate posttransposition complex (PTC) disassembly, enabling endogenous
DNA repair machinery to access the 5-nucleotide (nt) gaps generated
by staggered TnsB-catalyzed transesterifications (44, 71, 72). Whereas
ClpX enhanced wild-type TnsB integration activity on average by 4.0-fold
across three genomic sites in HEK293T cells, ClpX had no impact on
P4-15-mediated editing at any genomic site tested, with evolutionary
precursors of P4-15 also exhibiting reduced ClpX reliance (Fig. 3D).
Notably, ClpX independence emerged before selection on the AclpX
E. coli host (Fig. 3D), suggesting that early evolution experiments en-
riched variants with reduced ClpX dependence. In CAST PACE, PTC
disassembly is required for SP propagation because RNA polymerase
must traverse the repaired 5-nt gap to transcribe gIII. We hypothesize
that CAST PACE enriched TnsB variants that could more rapidly disas-
semble after integration to more efficiently activate gIII, thus making
CIpX less essential for integration activity.

To investigate how PACE improved TnsB activity, we mapped mutated
residues in P4-15 onto two AlphaFold3-predicted (74) structure models:
a TnsAB strand-transfer complex (77) (Fig. 3E and fig. S16) and a TnsB
C-terminal “hook” domain in complex with a TnsC heptamer (77, 78)
(Fig. 3F). According to E. coli Tn7 biochemistry (71, 72), TnsB performs
multiple functions in the CAST transposition cycle, including complex-
ing with TnsA, binding to transposon ends, binding to the target-bound
TnsC, catalyzing DNA cleavage and transesterification reactions, and
undergoing conformational rearrangements to allow 5-nt gap fill-in.
Evolved mutations span multiple TnsB domains (fig. S16C) and pre-
dicted interfaces, including TnsBetransposon end (Y349N), TnsBTnsB
(Y349N, P352T, D396N, H464R, and V526E), and TnsB«TnsC (Q594L)
(Fig. 3, E and F), suggesting that PACE evolved multiple TnsB function-
alities to improve integration efficiency in human cells.

Reversion analysis of each mutation in P4-15 revealed that all 10
mutations increase activity in HEK293T cells (fig. S17A). Integration
efficiency of each revertant was unchanged upon CIpX addition (fig.
S17B). When installed individually into wild-type TnsB, all mutations
improved efficiencies (though several only to a modest extent) except
A390V (fig. S17C), which may act through epistasis. P352T and D396N,
acquired early in evolution (Fig. 3B) and predicted to lie at a TnsB+TnsB
interface (Fig. 3E), enabled the highest integration efficiencies among
the evolved mutations when tested individually (fig. S17C). No indi-
vidual mutation conferred ClpX independence (fig. S17D).

Because type I-F CASTs have yet to be reconstituted biochemically,
we performed cell-based assays to illuminate the properties of evolved
TnsB. We assessed transposon-end binding by P4-15, evolutionary pre-
cursors of P4-15, and P4-15 single-mutation revertants through an
established transcriptional activation assay (44) in HEK293T cells (fig.
S18A). P4-15 TnsB exhibited 3.2-fold improved reporter activation com-
pared with wild-type TnsB, with the largest increase resulting from
mutations in P1-3 (fig. S18B). Accordingly, reverting A390V—a muta-
tion descending from P1-3—in P4-15 greatly reduced activity (fig. S18B).
Residue A390 is not proximal to transposon DNA in the AlphaFold3-
predicted structure (74) (fig. S18C), nor is it within DNA binding do-
mains (fig. S16C), suggesting a long-distance mechanism by which
A390V improves activity. Western blots revealed that evolved TnsB
variants did not possess greater soluble expression than wild-type TnsB
in HEK293T cells (fig. S18D), suggesting that the elevated reporter
signal for the evolved TnsB variants in the transcriptional activation
assay indeed resulted from enhanced TnsBsDNA binding.
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‘We also monitored transposition by P4-15 TnsB and its evolutionary
precursors through an E. coli liquid culture assay, in which integration
results in luciferase expression (fig. S19A). Evolved variants exhibited
faster apparent rates of luciferase expression (fig. S19B), suggesting
that PACE indeed selected for TnsB variants with faster transposition
kinetics. These results also demonstrate that evolved TnsB variants
have improved activity in E. coli, in addition to human cells.

Collectively, these data suggest that PACE optimized diverse TnsB
interactions with itself and other CAST components to improve integration
activity. These findings highlight the advantage of using directed evolu-
tion to improve CAST activity, here identifying 10 activity-enhancing
mutations that would be very difficult to deduce purely through rational
protein engineering.

Development of evoCAST from evolved and engineered components

To further improve activity in human cells, we combined P4-15 TnsB
with evolved and engineered variants of non-TnsB PseCAST components
that enhanced integration. After evaluating evolved TnsA and TnsC vari-
ants in combination with P4-15 TnsB (fig. S20, A and B), we identified
a TnsABC combination averaging 1.3-fold improved integration across
four genomic sites in HEK293T cells compared with P4-15 TnsB with
wild-type TnsA and TnsC (fig. S20C). Improvements mediated by evolved
TnsAB were independent of TnsAB stoichiometry (fig. S20D), although
the extent to which evolved TnsC improved efficiencies depended on
the amount of TnsC delivered (fig. S20E and supplementary text).

Previous work revealed that PseCAST’s QCascade complex exhibits
weaker DNA binding activity than other type I-F CAST QCascades
(44, 78). We attempted to evolve DNA-targeting components in PACE,
encoding QCascade on the SP and TnsABC on CP1, but failed to isolate
QCascade variants that increased integration efficiency in HEK293T
cells. This failure may have arisen from the many differences between
DNA targeting in E. coli and human cells, including chromatinization,
DNA supercoiling, and target search space. As an alternative, we en-
gineered a QCascade module that enhanced integration activity, in-
corporating (i) a Cas7 with a neutral DNA-contacting residue mutated
to lysine, (ii) a Cas8 containing an engineered PAM-interacting domain
previously found to improve wild-type PseCAST activity in HEK293T
cells (78), and (iii) an additional bipartite NLS at the N-termini of
TniQ, Cas6, and Cas8 (fig. S21 and tables S2 to S4).

By combining a PACE-evolved TnsABC with a rationally engineered
QCascade, we developed a CAST system (evoCAST) optimized for human
cells (Fig. 4A). Across four genomic sites in HEK293T cells, evoCAST aver-
aged 19% integration, representing an average 1.2-fold improvement over
P4-15 TnsB with unoptimized non-TnsB PseCAST components and an
average 540-fold improvement over wild-type PseCAST (Fig. 4B). EvoCAST
integrated a range of DNA payload sizes up to 15 kb, the largest size tested
(Fig. 4C). EvoCAST also supported both plasmid- and linear-donor DNA
topologies (fig. S22). Together, the improvements made to all seven
PseCAST protein components establish evoCAST as a platform for targeted
genomic integration of gene-sized DNA cargoes in mammalian cells.

Characterization of evoCAST integration products

Next, we examined evoCAST integration products in HEK293T cells.
High-throughput sequencing (HTS) of genome-transposon junctions
revealed that evoCAST retained the wild-type PseCAST insertion site
preference, integrating ~49 bp downstream of the RNA-complementary
target sequence (Fig. 4D). In contrast to nuclease-mediated end-joining
(27) or HDR (2-4), evoCAST mediated efficient DNA integration without
detected indel formation at unintegrated loci (Fig. 4E). HTS revealed
low levels (<3%) of substitution mutations within the 5-bp target-site
duplication (TSD) for evoCAST integration products (fig. S23), which
may have arisen from host repair of the 5-nt gaps generated by offset
TnsB transesterifications (71). To assess the orientation of evoCAST
integration products, we performed ddPCR with orientation-specific
probes. Across four genomic loci tested, evoCAST exhibited a strong
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Fig. 4. Development and characterization of evoCAST. (A) Schematic (left) and genotypes (right) of P4-15 TnsB and evoCAST components. EvoCAST also contains optimized
NLS architectures for Cas6, Cas8, and TniQ. (B) One-kilobase transposon integration efficiencies by evoCAST compared with P4-15 TnsB and WT PseCAST at four genomic sites
in HEK293T cells. (C) Integration of varying DNA payload sizes (measured as the distance between the 3’ end of the transposon right end and 5" end of the transposon left

end) by WT PseCAST and evoCAST in HEK293T cells. Donor DNA transfected was normalized by mass. (D) HTS analysis of the distance between the 3’ end of the target site and
5’ end of the transposon integration site for WT PseCAST and evoCAST across four genomic sites in HEK293T cells. (E) Comparison of indel formation across untreated cells, WT
PseCAST, and evoCAST at four genomic sites in HEK293T cells. Indels were quantified across a 40-bp window centered at the predicted insertion site for all unintegrated reads
(Materials and methods). An unpaired, two-sided t test was performed to determine statistical significance, with “ns” (not significant) indicating a P value > 0.05. (F) Relative
frequencies of integration in the T-RL or T-LR orientation for evoCAST across four genomic sites in HEK293T cells, determined by ddPCR, using probes specific to either T-RL or
T-LR integration events. (G) Genome-wide integration events for evoCAST (top) and a negative control (bottom) in which only pDonor was transfected, detected through a
modified UDiTaS workflow (81). Integration events were measured by the number of distinctive molecular identifiers identified at a single integration site (Materials and

methods). The on-target genomic site (AAVSI) is indicated with a red triangle. The dotted

line corresponds to a single detected integration event. Shown is one of two replicates;

both replicates are shown in table S5. Data in (B) to (F) are shown as mean + SD for n = 3 independent biological replicates.

preference for integrating the right transposon end proximal to the
Cascade-targeted site (Fig. 4F), similar to the preference of wild-type
PseCAST (43). Long-read sequencing of insertion product amplicons (79)
indicated that both evoCAST and wild-type PseCAST products were pre-
dominantly simple insertions, not cointegrates—undesired by-products
containing two cargo DNA copies and the donor vector backbone that
are caused by an absence of TnsA endonuclease activity (41, 79, 80) (fig.
S24). Collectively, these results demonstrate evoCAST’s high product
purity, characterized by single -base pair precision, no detected indels, near
unidirectionality, and predominantly simple insertions over cointegrates.

Characterization of off-target evoCAST integration
To evaluate evoCAST’s genome-wide specificity in human cells, we used

a modified unidirectional targeted sequencing (UDiTaS) approach (81)
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(fig. S25A), which we previously applied to recombinases in bacteria and
human cells (37, 82). Although type I-F CASTs show high specificity in
E. coli (39, 43), we could not assess the specificity of wild-type PseCAST
in human cells owing to very low integration efficiency.

We assessed the specificity of evoCAST targeting AAVSI in HEK293T
cells after 1 week of incubation with plasmid expression vectors.
Although on-target integration was by far the most common outcome,
genomic off-target integration events were detected. Each de-
tected off-target integration was observed only once, suggesting that
off-target integration occurred primarily as distinct single events (Fig.
4G and table S5). Across two replicates, evoCAST averaged 36%
on-target integration (table S6), which is similar to the fraction of
on-target editing events calculated from published data for Cas9
nuclease (average 47%) (83) and programmable gene integration with
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eePASSIGE (0.51 to 38%, depending on the attachment site used in the
donor DNA) (37) (table S6).

We next investigated the source of evoCAST off-target formation.
Each off-target integration site lacked homology to the AAVSI target
site and was not reproducible across replicates (table S5). Additionally,
off-target integration required TnsC but not QCascade (fig. S25B). Taken
together, these data suggest that off-target integration is CRISPR-
independent and arises from aberrantly bound TnsABC complexes. Off-
target events persisted when using evolved TnsB with wild-type TnsA
and TnsC (fig. S25C), suggesting that the evolved TnsB may be respon-
sible for integration at off-target substrates transiently engaged by the
TnsABC complex. Off-target sites were generally in regions of open
chromatin (fig. S25D), which are likely to be more accessible substrates
for TnsABC. EvoCAST off-target sites did not contain disproportion-
ately high AT (adenine-thymine) content (fig. S25E), suggesting a dif-
ferent mechanism of off-target formation than previously reported for
type V-K CAST (84).

Additional off-target-profiling experiments offered insight into
how off-target formation could impact evoCAST applications. In cell
populations enriched for on-target editing, off-target integration
events were not detected (fig. S25F), suggesting that on-target inte-
gration in cells is generally not accompanied by off-target integra-
tion events. UDiTaS of E. coli lysate from PACE experiments with
P4-15 TnsB-encoding SP revealed >99% on-target integration (fig.
S25@G), suggesting that transient evoCAST exposure (hours during
PACE versus days in HEK293T cells) maximizes the ratio of on-
target:off-target integration, which is consistent with the behavior
of other genome editing agents (4, 85-91). Lastly, TnsABC-mediated
off-target integration was not detected by a fluorescent reporter
assay previously used to detect off-target formation by eeBxbl re-
combinase with an attP-containing donor (37) (fig. S25H), which is
consistent with the UDiTaS data demonstrating that evoCAST medi-
ates lower off-target integration than this eePASSIGE configuration
(table S6).

Although off-target formation by evoCAST warrants further inves-
tigation, these data indicate that the proportion of on-target versus
off-target editing events for evoCAST is similar to those of other
current genome editing methods. Additionally, current UDiTaS meth-
ods have limited coverage of integration events (tables S5 and 6),
owing to a substantial fraction of sequencing reads aligning to un-
integrated pDonor molecules (Materials and methods). Further de-
velopment of off-target characterization methods for targeted gene
integration may enable more precise quantification of off-target edit-
ing frequencies in mammalian cells for CASTs and other large DNA
integration technologies.

Application of evoCAST at genomic target sites of

therapeutic interest

We next applied evoCAST for targeted gene-sized DNA integration at
therapeutically relevant human genomic sites. After optimizing
CRISPR RNA (crRNA) architecture and spacer sequences (fig. S26),
we assessed integration at 14 genomic loci in HEK293T cells (Fig. 5A).
EvoCAST averaged 14% 1-kb transposon integration efficiency at these
target sites, compared with 0.22% for wild-type PseCAST (Fig. 5A).
EvoCAST efficiencies were positively correlated with chromatin acces-
sibility (fig. S27), which is similar to previous reports for other genome
editing methods (37, 92, 93).

Therapeutic gene integration at ALB is a promising strategy for
transgene expression in hepatocytes (94, 95). ALB is highly expressed
in the liver, and integrating a splice acceptor-bearing donor into
intron 1 enables splicing with an exon 1-encoded secretion signal for
subsequent protein secretion (94). This strategy is being investigated
for treatment of hemophilia B, in which restoring 1% of circulating
human factor IX (hFIX) levels is therapeutic (94, 95). We integrated
F9 cDNA encoding the hyperactive hFIX Padua variant (96) into ALB
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intron 1in a human hepatocyte cell line (HuH?7) (Fig. 5B), with evo-
CAST achieving 5.7% integration efficiency (0.023% for wild-type
PseCAST) (Fig. 5E) and enabling detectable F9 expression (which was
not detected for wild-type PseCAST) (fig. S28A).

Integration of a CAR at the T cell receptor a constant (TRAC) locus
enables uniform CAR expression, enhanced T cell potency, and delayed
T cell exhaustion (97). We assessed the efficiency of CD19 CAR integra-
tion at TRAC, a strategy shown to combat refractory or relapsed B cell
malignancies (98) (Fig. 5, C and F). In HEK293T cells, evoCAST medi-
ated 13% integration of CD19 at TRAC, compared with 0.061% by wild-
type PseCAST (Fig. 5F).

The programmability of evoCAST potentiates integration of wild-type
cDNAs at sites of endogenous gene mutation or deletion that are associ-
ated with loss-of-function diseases (Fig. 5D). This strategy could treat
loss-of-function diseases in an allele-agnostic manner while preserving
some endogenous regulatory context. We assessed integration of wild-
type cDNAs (Aexon 1, flanked by a 5" splice acceptor and 3’ polyA signal)
into intron 1 of FANCA (associated with Fanconi anemia), IL2RG (X-
linked severe combined immunodeficiency), MECP2 (Rett syndrome),
and PAH (phenylketonuria) (Fig. 5G). EvoCAST supported substantial
targeted gene insertion efficiencies of 12 to 15% at these loci, compared
with 0.0092 to 0.43% by wild-type PseCAST (Fig. 5G). We measured
integrated transgene expression at MECP2—which is expressed in
HEK293T cells (99)—through reverse transcription ddPCR using a
transgene-specific probe and found that evoCAST, but not wild-type
PseCAST, yielded detectable transgene expression (fig. S28B).

To enable broader applications of evoCAST, we engineered transpo-
son end sequences that do not compromise integration activity but
are compatible with in-frame protein tagging (fig. S29 and supplemen-
tary text). We also demonstrated that evoCAST-edited cells persist in
bulk populations when using a selectable marker and that clonally
integrated populations can be isolated through single-cell sorting (fig.
S30 and supplementary text).

Collectively, these results demonstrate that evoCAST can be repro-
grammed to integrate large, diverse DNA payloads across multiple
genomic loci in human cells, enabling a range of potential applications
in therapeutic science and basic research.

EvoCAST in other mammalian cell types

We next characterized evoCAST in multiple human cell types. We as-
sessed 1-kb transposon integration at two genomic sites in HeLa and
K562 cells (Fig. 5H). In HeLa cells, evoCAST averaged 4.7% editing activ-
ity, compared with 0.18% by wild-type PseCAST (Fig. 5H). In K562 cells,
evoCAST averaged 1.6% editing, compared with 0.038% by wild-type
PseCAST (Fig. 5H). The lower editing activity in these cell types com-
pared with that in HEK293T cells may arise from their less-efficient
transfection of the multiple vectors encoding CAST components along
with the donor DNA. Optimizing delivery methods may further improve
evoCAST efficiencies in difficult-to-transfect cell lines.

To demonstrate utility in a more therapeutically relevant cell type,
we evaluated evoCAST in primary human fibroblast cells isolated from
a patient with recessive dystrophic epidermolysis bullosa (RDEB), a
mutationally diverse loss-of-function disease that can be treated using
autologous gene-corrected fibroblasts (100). EvoCAST averaged 19% ef-
ficiency of 1-kb transposon integration across two genomic loci, repre-
senting a 200-fold improvement over wild-type PseCAST (Fig. 51). These
data also establish that primary human cells can support evoCAST activ-
ity, especially when cultured under conditions that mitigate the toxicity
of exogenous DNA (Materials and methods).

We also assessed the impact of ClpX codelivery on evoCAST effi-
ciency at two genomic loci in HEK293T, HeLa, K562, and primary
human fibroblast cells (Fig. 5J and fig. S31, A and B). As expected,
evoCAST did not require ClpX for maximal editing in HEK293T cells
(Fig. 5J). ClpX increased evoCAST editing in other cell types, notably
enabling an average 37% editing in primary fibroblasts (fig. S31B),
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Fig. 5. evoCAST mediates efficient DNA integration at therapeutically relevant endogenous genomic loci in multiple human cell types. (A) One-kilobase transposon N
integration by WT PseCAST and evoCAST at 14 genomic loci in HEK293T cells. Each locus was targeted using a top-performing crRNA identified in fig. S26, except HEK3, which 8
did not undergo crRNA spacer optimization. (B to D) Schematics depicting evoCAST applications for integrating a F9 cDNA at ALB intron 1 (B), a CD19-targeted CAR at N

the 5" untranslated region (UTR) of TRAC (C), and a cDNA encoding a healthy gene copy (Aexon 1) into intron 1 of a gene associated with pathogenic loss of function (D).

(E to G) Integration by WT PseCAST and evoCAST of F9 cDNA into ALB intron 1in HuH7 cells (E), CD19-CAR into the 5 UTR of TRAC in HEK293T cells (F), and WT cDNAs (Aexon
1) into intron 1 of their corresponding endogenous locus in HEK293T cells (G). (H) One-kilobase transposon integration by WT PseCAST and evoCAST at two genomic loci in HeLa
and K562 cells. (I) One-kilobase transposon integration by WT PseCAST and evoCAST at two genomic loci in primary human fibroblast cells isolated from an RDEB patient.

(J) Fold change in integration efficiencies upon cotransfection with a plasmid expressing E. coli ClpX. The dotted line represents no change upon ClpX expression. Each datapoint
represents the average fold change in 1-kb transposon integration efficiency at one genomic target across three independent biological replicates. Integration efficiencies used
to calculate fold change are shown in fig. S32. Data in (A), (B), and (F) to (I) are shown as mean + SD for n = 3 independent biological replicates.

although with increased cytotoxicity (fig. S31C). Nonetheless, evoCAST  loci in HEK293T cells for both strategies (fig. S32A), although the exact target
displayed substantially reduced ClpX dependence compared with wild-  sites differed between methods because of distinct DNA targeting mecha-
type PseCAST across all cell types (Fig. 5J), enabling CAST-mediated nisms. Consistent with previously reported efficiencies (37), eePASSIGE

editing human cells without ClpX-associated cytotoxicity. exhibited 1.5- to 2.9-fold-higher integration efficiency than evoCAST, al-
though both methods typically achieved >10% integration (fig. S32A).

EvoCAST compared with eePASSIGE Both evoCAST and eePASSIGE supported 10 to 40% integration efficien-

Lastly, we compared evoCAST with eePASSIGE (37), a recently described  cies in primary human fibroblasts (37) (Fig. 5I and fig. S31B).

method for targeted DNA integration in human cells that does not require The distinct mechanisms of evoCAST and eePASSIGE result in different

genomic DSBs. We assessed 2-kb DNA cargo integration at six genomic  advantages. Although more efficient on average, the eePASSIGE method
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requires attachment site installation by prime editing before DNA inte-
gration, resulting in a more heterogeneous mixture of editing outcomes
than is observed with evoCAST (fig. S32, B to D). EvoCAST’s high product
purity makes it well-suited for applications in which by-products such
as indels or unintegrated attachment site installation must be minimized.
Moreover, eePASSIGE can require testing many prime editing conditions
for efficient attachment site installation (35, 37, 101). By contrast, we
identified high-performance evoCAST crRNAs after testing only 5 to 10
constructs per genomic locus (fig. S26, A and D).

EePASSIGE and evoCAST also differ in their compatibility with donor
DNA substrates. Recombinase-mediated integration of linear DNA
yields genomic DSBs, a result that is not expected with evoCAST (fig.
S32E). Indeed, when using a linear donor, 36% of eePASSIGE integration
products contained indels consistent with DSB formation, whereas
evoCAST products contained no detected indels above background (fig.
S32, F to H). EvoCAST’s compatibility with linear-donor topology en-
ables PCR amplicons to be more readily used as substrates for targeted
integration. This feature is also advantageous for viral delivery modali-
ties such as adeno-associated virus (AAV) that deliver linear DNA (102).
Lastly, when using a circular donor DNA substrate, evoCAST integrates
the desired DNA payload without flanking vector sequences. By contrast,
recombinase-mediated integration installs the entire vector sequence,
which can include undesired DNA elements. Taken together, these find-
ings demonstrate the strengths of evoCAST as a platform for single-step,
programmable gene integration in human cells.

Discussion

Through the development and optimization of CAST PACE, we evolved
transposase variants that catalyze substantially improved (often >100-
fold) genomic integration activity in human cells. Evolution in E. coli,
the host cell for PACE, required extensive optimization because early
evolution campaigns enriched some mutations that increased fitness
during PACE without improving performance in human cells. Although
we initially hypothesized that coevolving all three transposase complex
subunits would be an effective approach to improve human-cell inte-
gration activity, we found that evolving TnsB alone was the most ef-
ficient strategy to generate CAST variants with robust activity in
human cells (Fig. 3C).

The CAST PACE results suggest that PseTnsB activity, which naturally
evolved to support transposon mobilization in bacteria, is insufficient
to enable efficient genome editing in human cells. Suboptimal trans-
posase activity may not limit integration efficiency in E. coli—where
PseCAST enables >99% genomic integration (43)—owing to high trans-
posase concentration from plasmid overexpression coupled with reac-
tion conditions that more closely resemble the native bacterial context
in which PseCAST evolved. By contrast, the corresponding differences
in mammalian cells may have reduced the efficiency of PseTnsB-
catalyzed transposition enough to become the primary bottleneck in
mammalian cells.

Given that structural and biochemical characterization of the trans-
posase complexes from type V-K (103, 104) and type I-B (77) CASTs
have substantially progressed our understanding of how these systems
achieve targeted integration, we anticipate that further study of type
I-F transpososomes will help elucidate how the evolved mutations
across transposase subunits both improved and hindered human-cell
integration activity. One important outcome of TnsB PACE is the re-
duced dependence on ClpX for efficient genomic integration in human
cells (Figs. 3D and 5K), suggesting that CAST PACE could serve as a
platform for decoupling CASTs from cytotoxic factors previously re-
quired for even low levels of editing in human cells.

The detection of off-target integration events from P4-15 TnsB (Fig.
4G) is consistent with its greatly enhanced transposition activity, which
may increase integration at off-target sites transiently engaged by the
transposase complex. The robust specificity of P4-15 TnsB within the
PACE circuit (fig. S25G) suggests that evolved variants are not simply
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low-fidelity transposases; instead, off-target events detected in human
cells may be a consequence of the high activity of evolved TnsB, coupled
with the extended exposure of genomes to plasmid-driven transposase
overexpression. Applying more transient delivery modalities, such as
mRNA or ribonucleoprotein delivery, may reduce off-target integration
by minimizing exposure of genomes to transposase after integration at
the target site is complete, as has been observed previously with Cas9
nucleases, base editors, and prime editors (4, 85-9I). The multicompo-
nent nature of CASTs offers additional potential strategies for improving
target specificity, including engineering TnsC for reduced off-target DNA
engagement, engineering TnsB so that only stably bound on-target sites
promote integration, and dissecting the conformational distinctions that
follow on-target versus off-target site interrogation (84, 105).

Collectively, the development of evoCAST—combining advance-
ments from both evolution and rational engineering—enabled an
average 420-fold improvement over wild-type PseCAST across the 14
genomic sites tested in this study (Fig. 5A). EvoCAST showed en-
hanced activity across diverse cell types, notably enabling up to 38%
editing in unsorted primary human fibroblasts (fig. S31B), represent-
ing, to our knowledge, the highest CAST-mediated editing efficiencies
at human genomic sites reported to date. EvVoCAST offers distinct
advantages as a genome editing platform—such as its facile repro-
gramming, high product purity, and avoidance of genomic DSB for-
mation—that stem from its origins as a naturally occurring system
for RNA-guided DNA insertion (38, 39).

Additional research is needed to understand the determinants of
optimal crRNA selection; assess the long-term stability of integrated
transgene expression; further optimize integration efficiencies in di-
verse cell types, including nondividing cells; and develop strategies for
delivering donor DNA into cell types that poorly tolerate foreign DNA
(106). Lastly, we anticipate that lessons learned from the development
of CAST PACE can be applied to other naturally occurring (43, 107, 108)
and engineered (78, 79) CAST systems, providing strategies to generate
a suite of human cell-active CAST systems that each potentially offer
distinctive advantages for targeted gene-sized DNA integration.

Materials and methods

General methods

Antibiotics were purchased from Gold Biotechnology and used at the
following concentrations: streptomycin (50 pg/ml), chloramphenicol
(25 pg/ml), carbenicillin (50 pg/ml), spectinomycin (50 pg/ml), tetracy-
cline (10 pg/ml), and kanamycin (25 pg/ml). PCRs were performed using
Phusion U Green Multiplex PCR Master Mix (Thermo Fisher Scientific)
or Q5 Hot Start High-Fidelity 2x Master Mix (New England BioLabs)
unless otherwise noted. DNA oligonucleotides, including FAM/Iowa
Black FQ-labeled DNA oligonucleotides, were obtained from Integrated
DNA Technologies. Human codon-optimized wild-type PseCAST genes
were synthesized by GenScript. All plasmids used in this study were
cloned using USER, Golden Gate, or Gibson assembly methods as de-
scribed previously (9, 55). Plasmids were cloned into Machl (Thermo
Fisher Scientific) chemically competent E. coli. Unless otherwise
noted, plasmid DNA was amplified using the Illustra Templiphi 100
Amplification kit (GE Healthcare Life Sciences) prior to Sanger sequenc-
ing (Quintara Biosciences) or Nanopore sequencing (Plasmidsaurus). All
plasmids for E. coli experiments were purified using QIAprep Spin
Miniprep Kits (Qiagen), and all plasmids for mammalian cell experi-
ments were purified using Plasmid Plus Midiprep Kits (Qiagen) or
Plasmid Plus 96 Miniprep Kits (Qiagen). All isolated plasmid DNA was
eluted in nuclease-free water and quantified using a NanoDrop ONE
UV-Vis spectrophotometer (Thermo Fisher Scientific). A list of plasmids
and selection phages (SPs) used in this work is provided in table S9. All
gRNA sequences and DNA cargoes used in mammalian cell experiments
are listed in tables S10 and S11, respectively. Primer sequences used for
quantification, strain generation, and linear donor generation are listed
in table S12. EvoCAST component sequences are listed in table S13.
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Preparation and transformation of chemically competent cells

Strain S2060 (47) was used in all luciferase, phage propagation, and
plaque assays, and in all PACE experiments, except for PACE cam-
paigns conducted on the AclpX strain generated in this study.
Chemically competent cells were prepared as described previously
(47). Briefly, an overnight culture of bacteria was diluted 50 to 200-
fold into 2xYT media (United States Biologicals) with appropriate
antibiotics and grown at 37°C, shaking at 230 RPM until the culture
reached an optical density (ODgop) of 0.4 to 0.6. Cells were centri-
fuged at 4°C for 5 to 10 min at 4000 g. The supernatant was discarded,
and cell pellets were resuspended in ice-cold TSS solution (LB media
supplemented with 5% v/v DMSO, 10% w/v PEG3350, and 20 mM MgCl,).
Resuspended cells were aliquoted, flash frozen on dry ice, and stored
at —80°C until use.

To transform cells, 100 pl of competent cells thawed on ice were added
to a pre-chilled mixture of plasmid (1 to 2 pl each; up to three plasmids
per transformation) in 100-ul KCM solution (100 mM KCl, 30 mM CaCl,,
and 50 mM MgCl, in H20) and stirred gently. The mixture was incu-
bated on ice for >5 min, heat shocked at 42°C for 90 s, and combined
with 500 pl of SOC media (New England BioLabs). Cells recovered at
37°C, shaking at 230 RPM for 1 hour. Cells were then streaked on 2xYT
media + 1.5% agar (United States Biologicals) plates containing appro-
priate antibiotics and incubated for 16 to 18 hours at 37°C.

Bacteriophage cloning

Phage were cloned using USER assembly as previously described with
minor modification (66). Briefly, a 25-ul USER assembly was transformed
into 100 pl of chemically competent S2060 E. coli host cells containing
pJC175e (52208) (47), which enables activity-independent phage propa-
gation. Transformed S2208 were incubated overnight at 37°C in 10-ml
2XYT media shaking at 230 RPM. The saturated culture was then cen-
trifuged for 5 min at 4000 g, and the phage-containing supernatant was
plaqued as described below. Individual phage plaques were grown in
DRM media (United States Biologicals) for 6 to 8 hours. Following in-
cubation, the cultures were centrifuged for 5 min at 4000 g, and the
phage-containing supernatants were filtered through a 0.22-pm PVDF
ultrafree centrifugal filter (Millipore ) to remove residual bacteria. Phage
were then sequenced via PCR amplicon sequencing (Quintara Biosci-
ences), with sequence-confirmed phage stored at 4°C until use.

Plaque assay

Plaquing was performed as previously described (66). In brief, a satu-
rated S2208 culture was back-diluted 50- to 100-fold into DRM contain-
ing carbenicillin. Cells were grown at 37°C shaking at 230 RPM to an
ODggo of 0.4 to 1.0, at which point they were placed on ice during prepa-
ration of phage. Phage stocks were serially diluted in water by a factor
of 10, up to 10°%-fold. 10 ul of phage stock and dilutions (typically 10%,
10%, and 10%-fold dilutions) were combined with 100 pl of mid-log S2208
cells in 2-ml library tubes (VWR international). 1 ml of warm top agar
(3:2 mixture of 2xYT medium and molten 2xYT medium agar [1.5%,
resulting in a 0.6% agar final concentration], stored at 55°C until use)
was added to the phage/bacteria solution, mixed once by pipetting, and
then immediately plated onto one quadrant of a 2XYT medium 1.5% agar
plate containing no antibiotics and 0.08% Bluo-gal (Gold Biotechnology).
The plates were left to sit for 2 min undisturbed at room temperature, and
then plates were incubated, without inverting, at 37°C overnight. Phage titers
were determined by quantifying blue plaques. For higher-throughput
plaquing, the reagents were adjusted for the wells of a 12-well plate as fol-
lows: 450 pl of top agar, 10 pl of phage, and 100 pl of cells.

Overnight propagation assay

For each replicate, a single colony of a E. coli host strain was picked
and grown overnight at 37°C with shaking at 230 RPM in DRM and
appropriate antibiotics. Saturated cultures were back-diluted 50-fold
into DRM with appropriate antibiotics and grown for ~2 hours at
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37°C with shaking at 230 RPM until they reached an ODggg of ~0.4.
1 ml of culture was then added to a 96-well deep well plate (Axygen)
and infected with 1E5 total phage. This mixture was then grown
overnight at 37°C with shaking at 230 RPM, and then centrifuged
for 10 min at 3400 g. Phage-containing supernatant was then col-
lected and plaqued to determine the total number of output phage.
Fold propagation was calculated by dividing the number of output
phage by the number of input phage.

gPCR quantification of transposition efficiency in E. coli
Quantification was performed as previously described (39) with modi-
fication. Two primer pairs were designed: one pair specific to the
AP-transposon junction generated by T-RL integration at the AP target
site, and the second pair specific to the AP backbone (primer sequences
listed in table S12). Input E. coli lysate was prepared by resuspending
a cell pellet from an overnight propagation assay in 1 ml water and
incubating 50 pl of this solution at 95°C for 10 min. Standards were
generated by mixing mock-T-RL-integrated AP plasmid and uninte-
grated AP plasmid at varying ratios, corresponding to integration ef-
ficiencies spanning 0.0064 to 100%. qPCR reactions contained 10 pl
Q5 Hot Start High-Fidelity 2x Master Mix (New England BioLabs),
0.50 pM of forward and reverse primer, 0.2 pl 100x SYBR Green
(Invitrogen), 4 pl of standard or 100-fold diluted lysate, and nuclease-
free water to 20 pl total volume. qPCR was run on a BioRad CFX96
Real Time system with the following cycling conditions: 98°C for 2 min;
40 cycles of 98°C for 10 s, 60°C for 20 s, and 72°C for 15 s. Each sample
was analyzed in two parallel reactions: one reaction with the primer
pair specific to T-RL integration, the second reaction with the primer
pair specific to the AP backbone. Transposition efficiency was calcu-
lated using a linear regression generated by the AC, values (Cy differ-
ence between the two parallel qPCR reactions) of the standards
containing known integration efficiencies.

Luciferase assay

S2060 cells (47) were transformed with necessary plasmids. For end-
point luciferase assays (fig. S1C), saturated overnight cultures of single
colonies were diluted 250-fold into DRM media with appropriate anti-
biotics and grown for ~3 hours at 37°C with shaking at 230 RPM. 100 pl
of cells were transferred to a 96-well black-walled clear-bottomed plate
(Costar), then 600-nm absorbance and luminescence were read using
a plate reader (Tecan). For time-course luciferase assays (fig. S19),
saturated overnight cultures of single colonies were diluted 250-fold
into 2xYT media with appropriate antibiotics and grown for ~2 hours
at 37°C with shaking at 230 RPM to an ODggg of ~0.2. 100 pl of cells were
then combined with 10 mM arabinose and transferred to a 96-well
black-walled clear-bottomed plate (Costar). 600-nm absorbance and
luminescence were read every 10 min, with continuous shaking at 37°C,
for 2 hours using a plate reader (Tecan). For all assays, values were
reported as ODggo-normalized luminescence.

Phage-assisted noncontinuous evolution (PANCE)

PANCE was performed as described previously (47). In brief, S2060
host cells transformed with selection plasmids were made chemically
competent and transformed with mutagenesis plasmid (MP6) (48),
then plated on 2xYT agar containing 100 mM glucose and appropriate
antibiotics. 8 to 12 colonies were picked into individual wells of a 96-
well deep well plate (Axygen) containing 1 ml of DRM and appropriate
antibiotics. Colonies were resuspended and serially diluted 10-fold,
seven times into DRM. The plate was grown at 37°C with shaking at
230 RPM overnight for 16 to 18 h. Wells containing dilutions with
ODggo ~0.3 to 0.4 were combined, then treated with 10 mM arabinose
to induce mutagenesis. This mixture was distributed into 1-ml cultures
in a 96-well deep well plate (Axygen). The cultures were then infected
with SP at the indicated dilution (aiming for ~1E5 input phage).
Infected cultures were grown overnight for 16 to 18 hours at 37°C and
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harvested the next day by centrifugation for 10 min at 3400 g. 100 pl
of the SP-containing supernatant was transferred to a 96-well PCR
plate (Thermo Fisher Scientific), sealed with foil and stored at 4°C. SP
were then used to infect the next passage, and the process was repeated
for the duration of the selection. Phage titers were determined by
qPCR as described previously (47) or by the plaque assay described
above. If titers were low (<1E4 pfu/ml), a passage of drift was per-
formed (47). For drift passages, S2208 encoding MP6 were used instead
of selection strains. In drift passages, SP were only allowed to propa-
gate for 6 to 8 hours instead of overnight to minimize the likelihood
of recombination of gIII into the SP genome. Following completion of
a PANCE campaign (upon a noticeable change in phage propagation
on the selection strain), SP were plaqued using S2208 cells or the selec-
tion strain. The evolved genes of interest from individual plaques were
then amplified by PCR, as described previously (47), and submitted
for Sanger (Quintara Biosciences) or Nanopore (Plasmidsaurus) se-
quencing to generate inputs for Mutato analyses (https://hub.docker.
com/r/araguram/mutato).

Phage-assisted continuous evolution (PACE)

PACE was performed as previously described (47). Briefly, host cells
containing the mutagenesis plasmid were prepared as described for
PANCE above. 12 colonies were picked into individual wells of a 96-
well deep well plate (Axygen) containing 1 ml of DRM and appropri-
ate antibiotics. Colonies were resuspended and serially diluted
10-fold, seven times into DRM. The plate was grown at 37°C with
shaking at 230 RPM overnight for 16 to 18 hours. Wells containing
dilutions with ODggo ~0.3 to 0.4 were combined and used to inoculate
a chemostat containing 100 1 of DRM. The chemostat was grown to
ODgop ~0.4 to 0.8 and then continuously diluted with fresh DRM at
a rate of 1 to 1.5 chemostat volumes per hour to keep cell density
constant. The chemostat was maintained at a volume of 80 to 100 ml.

Before SP infection, lagoons were filled with 15 ml of culture from the
chemostat and pre-induced with 10 mM arabinose for at least 1 hour.
Lagoons were infected with SP at a high starting titer (typically ~10® pfu/
ml). To increase stringency, the lagoon dilution rates were increased over
time as indicated. During the evolution, samples (~500 pl) of the la-
goon were collected from the lagoon waste lines at the indicated times.
Samples were centrifuged at 4000 g for 5 min, and the SP-containing
supernatant was stored at 4°C. Titers of SP samples were determined
by plaque assays.

Following completion of a PACE campaign (after the lagoon dilution
rate was 3 vol/hour for >24 hours), final SP samples were plaqued on
the S2060 strain to determine whether g/II-recombinant SP had
formed during selection [which “cheat” the selection by enabling
activity-independent propagation (47)]. If cheating was observed
(plaques on S2060 strain), individual plaques were amplified over-
night in 1 ml DRM at 37°C with shaking at 230 RPM, and then the
culture was centrifuged at 4000 g for 5 min. The cell pellet, containing
SP-infected E. coli, was miniprepped to isolate the double-stranded
DNA replicative form of the SP (109). This isolated SP DNA was then
sent for Nanopore sequencing (Plasmidsaurus) to determine the se-
quence of the glII-recombinant SP, allowing inspection of the mecha-
nism of gIIT acquisition. If cheating was not detected (no plaques on
S2060 strain), final SP samples were plaqued using S2208 cells or the
selection strain. The evolved genes of interest from individual plaques
were then amplified by PCR, as described previously (47), and submit-
ted for Sanger (Quintara Biosciences) or Nanopore (Plasmidsaurus)
sequencing to generate inputs for Mutato analyses (https://hub.docker.
com/r/araguram/mutato).

General mammalian cell culture conditions

HEK293T (ATCC CRL-3216), HeLa (ATCC CCL-2), and HuH?7 (a gift from
Erik Sontheimer’s group, originated from ATCC) cells were cultured
and passaged in Dulbecco’s modified Eagle’s medium (DMEM) plus
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GlutaMAX (Thermo Fisher Scientific) supplemented with 10% (v/v)
fetal bovine serum (Gibco, qualified). K562 (ATCC CCL-24:3) cells were
cultured and passaged in RPMI medium 1640 plus GlutaMAX (Thermo
Fisher Scientific) supplemented with 10% (v/v) fetal bovine serum
(Gibco, qualified). All cell types were incubated, maintained, and cul-
tured at 37°C with 5% CO,. Cell lines were authenticated by their re-
spective suppliers and were negative for mycoplasma by testing with
MycoAlert (Lonza Biologics).

Transfection protocol for genome editing in HEK293T cells and
genomic DNA preparation

HEK293T cells were seeded on 48-well poly-D-lysine coated plates
(Corning) at a density of 40,000 to 45,000 cells per well. HEK293T cells
used for seeding were kept under 15 passages since initial thaw from the
ATCC vial to ensure high transfectability. 16 to 24 hours after seeding,
cells were transfected at 60 to 80% confluency with 1.5 pl Lipofectamine
2000 (Thermo Fisher Scientific).

Initial CAST transfections (figs. S7, S8, and S20A) used the following
stoichiometry of components: 50 ng pCas6, 50 ng pCas?, 50 ng pCas8,
50 ng pTniQ, 150 ng pTnsAB, 150 ng pTnsC, and 300 ng pDonor-crRNA.
For conditions targeting a plasmid substrate (fig. S20A), 2 ng of pTarget
was added. For these initial transfections, cells were cultured for a total
of 3 days following transfection.

Following optimization of PseCAST transfection conditions (44), a new
stoichiometry of components was implemented for all CAST transfec-
tions, unless otherwise stated: 50 ng pCas6, 50 ng pCas7, 50 ng pCas8,
50 ng pThiQ, 100 ng pTnsAB, 25 ng pTnsC, 300 ng pDonor-crRNA, and
20 ng pPuroR. ClpX was only delivered if specified, in which case 20 ng
pClpX was added. For conditions targeting a plasmid substrate (figs. S17C
and S24), 2 ng of pTarget was added. eePASSIGE experiments were per-
formed as described previously (37), scaled for a 48-well transfection:
250 ng PEmax plasmid, 37.5 ng of each pegRNA plasmid, 250 ng Bxbl
plasmid, and 375 ng donor plasmid. At 24 hours posttransfection, media
was exchanged for fresh DMEM + 10% FBS containing 1 pg/ml puromy-
cin (Thermo Fisher Scientific) to select for transfected cells. Unless oth-
erwise stated, cells were cultured for 3 days following media change, for
a total of 4 days incubation posttransfection.

For all experiments, at time of harvest the media was removed, the
cells were washed with 1x PBS solution (Thermo Fisher Scientific), and
genomic DNA was extracted via the addition of 100 pl of freshly pre-
pared lysis buffer [10 mM Tris-HCI, pH 8.0; 0.05% SDS; 25 ug/ml pro-
teinase K (Thermo Fisher Scientific)] directly into each well of the tissue
culture plate. The genomic DNA mixture was incubated at 37°C for >1
hour, followed by an 80°C enzyme inactivation step for 30 min. This
lysed mixture containing genomic DNA was stored at —20°C until use.

HTS of genomic DNA samples

HTS was used to quantify integration efficiencies as previously described
(44), also outlined in fig. S5A, with minor modification. Following ge-
nomic DNA isolation, 1 ul of the genomic DNA extract was used as input
for the first of two PCR reactions. Genomic loci were amplified in PCR1
using Q5 Hot Start High-Fidelity 2x Master Mix (New England BioLabs).
PCR1 primers are listed in table S12. PCR1 was performed as follows:
98°C for 3 min; 25 cycles of 98°C for 15 s, 65°C for 20 s, and 72°C for 30 s;
72°C for 2 min. PCR1 products were confirmed on a 1.5% agarose gel.
1 pul of PCR1 was used as an input for PCR2 to append Illumina barcodes.
PCR2 was conducted for 10 cycles of amplification using Q5 Hot Start
High-Fidelity 2x Master Mix (New England BioLabs). Following PCR2,
samples were pooled and gel purified in a 1.5% agarose gel using a
Qiaquick Gel Extraction Kit (Qiagen). For conditions using a unique
molecular identifier (UMI) (fig. S32D), a PCRO step was performed prior
to PCR1. PCRO was performed in a 20-pl reaction using 1 pl genomic DNA
extract, 0.1 uM of a 15-nt UMI-containing forward primer (table S12), and
Phusion U Hot Start Il DNA polymerase (Thermo Fisher Scientific) using
the following conditions: 98°C for 3 min; 10 cycles of 98°C for 15 s, 61°C

12 of 18

GZ0Z ‘Y72 aunr uo eiueA|Asuuad 10 AlSBAIUN Te B10°80Us 1I0S" MMM/ SO1Y LWoJ ) papeo umod


https://hub.docker.com/r/araguram/mutato
https://hub.docker.com/r/araguram/mutato
https://hub.docker.com/r/araguram/mutato
https://hub.docker.com/r/araguram/mutato

for 20 s, and 72°C for 1 min. PCRO products were bead purified using
1.6x AMPure beads (Beckman Coulter) and eluted in 10 pl water. 2 pl
of eluted PCRO product was then used as template for PCR 1, per-
formed as described above. Library concentration was quantified using
the Qubit High-Sensitivity Assay Kit (Thermo Fisher Scientific). Sam-
ples were sequenced on an Illumina MiSeq instrument (paired-end read,
read 1: 200 to 300 cycles, read 2: 0 cycles) using an Illumina MiSeq 300
v2 Kit (Illumina).

Sequencing reads were demultiplexed using MiSeq Reporter
(Mumina). A custom Python script was used for quantification of CAST
integration efficiencies, which aligned amplicons to either the unedited
sequence or integrated sequence. Integration efficiency was calculated
as: percentage of (number of integrated reads)/(number of integrated
reads + number of unedited reads). This analysis pipeline was also used
to determine the distribution of T-RL and T-LR insertion sites down-
stream of the target site (Fig. 4D and fig. S6, B and C). For detection of
indels (Fig. 4E), amplicons were aligned to reference sequences using
CRISPResso02 (110). For detection of substitutions in fig. S23, amplicons
were analyzed using a custom Python script. Sequencing reads for eePAS-
SIGE experiments (fig. S32D) were deduplicated using AmpUMI (117)
and then analyzed using CRISPResso02 (110), as previously described (37).

ddPCR quantification of integration efficiency

ddPCR quantification of integration efficiencies was performed as de-
scribed previously (44), also outlined in fig. S4B, with modification.
Primer pairs spanned the genome-transposon junction, with probes de-
signed to be specific to the most frequent T-RL integration site, which
was determined via HTS (the same was done for T-LR detection for Fig.
4F). Primer pairs and probes are listed in table S12. Because probes could
partially hybridize to other integration sites (fig. S6A), the set of integra-
tion products that could be detected by each primer pair/probe was
determined using mock-integrated standards synthesized as eBlocks
(Integrated DNA Technologies) (fig. S6, D and E). For quantification of
integration frequencies in genomic DNA samples, 1 pl of crude genomic
DNA extract was added to a 25-pl (final volume) reaction mixture con-
taining a final concentration of 1x ddPCR Supermix for Probes (no dUTP)
(BioRad), 900 nM of each reference primer, 900 nM of each target
primer, 250 nM reference probe (HEX-labeled), 250 nM target probe
(FAM-labeled), and 0.2 U/pl HindIII (New England BioLabs). For all as-
says, the reference primer pair and probe targeted ACTB (BioRad, unique
assay ID: dHsaCNS141996500), except for ACTB-targeting CAST condi-
tions, which used GAPDH (BioRad, unique assay ID: dHsaCNS794216737).
Droplet generation, PCR, and droplet reading steps were performed us-
ing the BioRad QX ONE platform. PCR was performed as follows: 95°C
for 10 min; 40 cycles of 94°C for 30 s and 58°C for 2 min; and 98°C for
10 min. Data were analyzed using the BioRad QX ONE software 1.3,
Standard Edition, according to the manufacturer’s instructions.
Integration efficiency was calculated as: percentage of (concentration of
integrated molecules)/(concentration of reference molecules). All re-
ported integration efficiencies, unless otherwise noted, were determined
using primer pair/probes specific to T-RL integration, which comprised
>95% of total integration events for evoCAST (Fig. 4F). As shown in fig.
S6F, because T-RL probes often did not detect all possible T-RL integra-
tion sites, reported efficiencies are likely underestimates of true integra-
tion efficiencies. For eePASSIGE experiments, previously reported (37)
primer pairs were used (also in table S12), with ddPCR reactions per-
formed and analyzed as described above.

Cell viability assay to assess ClpX toxicity

HEK293T cells were seeded on 96-well poly-D-lysine coated plates
(Corning) at a density of ~5000 cells per well. 18 to 24 hours after seeding,
cells were transfected at 60 to 80% confluency with 150 ng of plasmid
expressing mCherry, ClpX, or ClpX with catalytic inactivating mutations
in 1 pl Lipofectamine 2000 (Thermo Fisher Scientific). Each day, starting
on the day of transfection (DO0), cell viability was measured with the
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CellTiter-Glo2.0 assay (Promega) according to the manufacturers proto-
col. Luminescence was measured in 96-well flat-bottomed polystyrene
microplates (Corning) using a M1000 Pro microplate reader (Tecan) with
a 1-s integration time.

Generation of AclpX E. coli strain for PACE

Lambda red recombineering was performed as described previously
(57), with modification, to generate a S1021-derivative (48) E. coli strain
that lacked endogenous cipX. In brief, S1021 (48) transformed with
pKD119 (112) were grown to ODgog ~0.6 at 30°C with shaking at 230 RPM
in SOC media (New England BioLabs) with tetracycline and 2 mM arabi-
nose. Mid-log cells were made electrocompetent via washing with ice-
cold 10% glycerol and then electroporated with double-stranded donor
DNA containing FRT-KanR-FRT (712) and homology arms targeting the
flanking genomic regions of cIpX. Electroporated cells were allowed to
recover in 1 ml SOC (New England BioLabs) at 30°C overnight with
shaking at 230 RPM. This overnight culture was plated on 2xYT agar
with kanamycin and incubated at 30°C overnight. An individual recom-
binant colony, confirmed via PCR and Sanger sequencing (Quintara
Biosciences), was grown overnight in 2xYT with kanamycin at 37°C
with shaking at 230 RPM to cure the temperature-sensitive pKD119
plasmid. These cells were then made chemically competent and trans-
formed with pBAD-Flp (713) (a gift from Lydia Freddolino, Addgene
plasmid # 122969). Transformed cells were plated on 2XxYT agar with
chloramphenicol and 10 mM arabinose, and incubated at 30°C over-
night to allow the KanR cassette to recombine out of the genome. An
individual colony that successfully recombined out the KanR cassette
was identified via PCR and was then grown overnight in 2xYT at 37°C
with shaking at 230 RPM to cure the temperature-sensitive pBAD-Flp.
This overnight culture was plated on 2xYT agar containing streptomy-
cin (selecting for the strain) and incubated overnight at 37°C. Individual
AclpX colonies were isolated and confirmed to be sensitive to tetracy-
cline and chloramphenicol (confirming pKD119 and pBAD-Flp were
cured, respectively). Finally, to conjugate the F plasmid into the newly
generated AclpX strain, a mid-log (ODggo ~0.6) culture of F’ donor
E. coli was diluted 1:1000 into a mid-log (ODggp ~0.6) culture of the
newly generated F-AclpX strain and incubated for 1.5 hours at 37°C.
This culture was then plated on 2XYT agar with streptomycin (selecting
for strain) and tetracycline (selecting for F plasmid), and incubated
overnight. An individual F’ AclpX colony was grown overnight at 37°C
in 2XYT with tetracycline and streptomycin, and the overnight culture
was used to generate a glycerol stock. Primers used for strain generation
are in table S12.

HEK293T fluorescent reporter assay for transposon-end binding and
flow cytometry analysis

Transposon-end binding transcriptional activation assays were per-
formed as previously described (44). In brief, HEK293T cells were
seeded on 48-well poly-D-lysine coated plates (Corning) at a density
of 40,000 to 45,000 cells per well. 16 to 24 hours after seeding, cells
were transfected at 60 to 80% confluency using 1.5 pl Lipofectamine
2000 (Thermo Fisher Scientific). TnsB variants, fused at the C terminus
to VP64, were individually co-transfected with a GFP transfection
marker and a reporter plasmid containing a PseCAST transposon end
adjacent to a minimal CMV promoter and a tdTomato marker at a
ratio of 200 ng:20 ng:60 ng (TnsB:GFP:reporter). 48 to 72 hours post-
transfection, cells were analyzed via flow cytometry on a Novocyte
Penteon. GFP positive cells were analyzed for tdTomato fluorescence.
The bulk mean fluorescence intensity (MFI) was calculated for each
transfection and normalized to a transfection in which no TnsB-VP64
transcriptional activator was added.

Western immunoblotting
Western immunoblotting assays were performed as previously described

(44). In brief, HEK293T cells were seeded on 48-well poly-D-lysine coated
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plates (Corning) at a density of 40,000 to 45,000 cells per well. 16 to 24
hours after seeding, cells were transfected at 60 to 80% confluency using
1.5 pl Lipofectamine 2000 (Thermo Fisher Scientific). TnsAB variants
were cloned with an internal 3xFLAG-bipartite-NLS fusion, and 200 ng
of each variant was individually transfected into individual wells. 48 to
72 hours posttransfection, cells were lysed in lysis buffer [150 mM NaCl,
0.1% Triton X-100, 50 mM Tris-HCI (pH 8.0), cOmplete EDTA-free prote-
ase inhibitor (Roche)]. Proteins were resolved by SDS-PAGE and trans-
ferred to a PVDF membrane (Thermo Fisher Scientific). The membrane
was then washed with TBS-T [50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1%
Tween 20] and blocked with blocking buffer (TBS-T with 5% w/v BSA).
Membranes were stained with either anti-FLAG M2 antibody (Sigma
F3165, diluted 1:10000) or p-Actin antibody (Cell Signaling Technology
#3700, diluted 1:10000) overnight at 4°C under gentle rotation. Mem-
branes were then stained with HRP-conjugated secondary antibodies
(ab97240, ab97250; diluted 1:10000) at room temperature for 1 hour.
Membranes were washed and developed with SuperSignal West Dura
(Thermo Fisher Scientific). Band intensities were quantified using Image
Lab (BioRad), and the solubility of TnsAB variants was determined by
dividing FLAG intensities by p-Actin intensities. Solubilities were normal-
ized to that of wild-type PseTnsAB.

Long-read sequencing of integration products
Detection of cointegrates (fig. S24:) followed a previously described pro-
tocol with minor modification (79). HEK293T cells were transfected as
described above for CAST integration assays. Approximately 96 hours
posttransfection, cells were lysed and DNA was harvested as previously
described. Two separate PCRs were performed with equivalent volumes
of input lysate, with primer sequences listed in table S12. The first PCR
reaction contained a primer that annealed to the pTarget upstream of
the target sequence (“P1” in fig. S24:A) and a primer that annealed to the
left transposon end (“P2” in fig. S24A). The second PCR contained the
same forward primer (P1) but contained a reverse primer that annealed
to the pDonor backbone downstream of the transposon (“P3”, fig. S24A),
such that only cointegrates should be amplified. PCRs were then pooled
and purified via 1X magnetic bead cleanup (Omega). Purified samples
were then prepped for Nanopore sequencing using the Native Barcoding
Kit (Oxford Nanopore, SQK-NBD114.24) and loaded onto a R10.4.1 flow
cell, sequencing for 18 to 24 hours. Reads were analyzed using BBDuk
from the BBTools suite (v.38.00; https://sourceforge.net/projects/bbmap).
Reads with a minimum quality score of 8 were filtered to contain the
upstream target region, the right transposon end, and the left transposon
end. Filtered that contained the pDonor backbone sequence were con-
sidered a cointegrate sequence, while filtered reads that did not contain
this sequence were considered a simple insertion. pDonor-backbone
containing reads were also aligned to the expected sequence of a coin-
tegrate and manually inspected to ensure accuracy (fig. S24A). The fre-
quency of cointegrates was calculated as percentage of (number of
cointegrate reads)/(number of simple insertion reads - number of coin-
tegrate reads). The denominator corrects for the double-counting of
cointegrate products as simple insertion reads, since the cointegrate
product amplifies with both primer pairs. Analyses of transfections with
defined ratios of plasmids containing mock simple insertion and coin-
tegrate products generated a standard curve (fig S24B) that was used to
calculate cointegrate product frequencies for experimental conditions.
For long-read sequencing comparing evoCAST and eePASSIGE inte-
gration products (fig. S32, G and H), PCR reactions were first purified
via 0.9x magnetic bead cleanup (Omega). Purified samples were then
prepped for Nanopore sequencing using the Native Barcoding Kit
(Oxford Nanopore SQK-NBD114.96). Samples were loaded onto a R10.4.1
flow cell, sequencing for 18 to 24 hours using the super-accurate base
calling settings. Samples were processed using porechop with default
settings and a minimum split read length of 500 bp. Reads containing
the primer binding sites used for PCR amplification (with a Hamming
distance <2) were extracted and aligned to a reference locus of either a
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mock CAST integrant (T-RL, 49-bp insertion site) or a mock PASSIGE
integrant using minimap2 (774) and the parameters “-ax map-ont-sam-
hit-only-secondary=no”. The resulting bam files were analyzed for inser-
tions and deletions (indels) via the CIGAR string of each read alignment,
and the proportion of indels was calculated relative to the total number
of reads at a position. The background sequencing error frequency at
each position was calculated using PCR amplicons generated from syn-
thetic mock-integrated fragments (IDT eBlocks). This error frequency
was subtracted from the calculated indel frequencies. In the region of
the integration product that was covered by both PCR amplicons (fig.
S32@G), the average indel proportion of both amplicons was reported.

UDiTaS sample preparation, sequencing, and computational analysis
HEK293T cells were transfected as described above for CAST integra-
tion assays, except the pPuroR was omitted, and the transposon in the
pDonor was modified to contain a promoter-driven puromycin cassette
and an N10 UMI immediately flanking the transposon right end (table
S11). Following transfection, cells were passaged under puromycin
selection for 7 days to enrich the integrated cell population and dilute
unintegrated pDonor molecules. Cells were then lysed as described for
CAST integration assays, and the genomic DNA (gDNA) was purified
via bead cleanup (Omega) and quantified using the Qubit High-
Sensitivity Assay Kit (Thermo Fisher Scientific).

TnY was purified as previously described (115), preloaded with full-
length Nextera Read 2/Indexed oligos, and diluted to the appropriate
working concentration such that 100 ng of gDNA would be tagmented
into ~2-kb fragments. 100 ng of gDNA were tagmented as previously
described (87) with modification: following tagmentation, reactions were
incubated with 0.4 U of Proteinase K (NEB) for 10 min at 55°C to ensure
release of the transposase from the gDNA. Reactions were then column
purified with a DNA Clean & Concentrator Kit (Zymo), and eluted in
25 pl. An initial PCR1 was performed with a forward primer that anneals
to the transposon cargo upstream of the N10 UMI, and a reverse primer
that anneals to the P7 adapter sequence installed via tagmentation (table
S12). PCR1 was performed using KAPA HiFi Hotstart (Roche) as follows:
98°C for 5 min; 15 cycles of 98°C for 20 s, 55°C for 30 s, and 72 for 1 min;
and 72°C for 5 min. PCR1s were purified using 0.9x Omega Mag-Bind
TotalPure magnetic beads (Omega Bio-Tek) and eluted into 50-pl
nuclease-free water. 2-pl eluted DNA was used as input for PCR2, which
appended Illumina sequencing adapters. After 15 cycles of PCR2 (same
conditions as PCR 1), the reaction was resolved on a gel, and a smear
corresponding to a size range of 350 to 800 bp was extracted. Samples
were sequenced on an Element Biosciences AVITI instrument (paired-
end read, read 1: 150 cycles, read 2: 150 cycles) using a Cloudbreak
Freestyle Kit (Element Biosciences).

Reads were processed using a custom Python script (716). In brief,
reads were first trimmed and quality filtered using cutadapt (117)
(v4.2, -a CTGTCTCTTATACACATCT -A CTGTCTCTTATACACATCT-
minimum-length 15 -q 20). After adapter trimming, reads were then
filtered to contain the right transposon end using BBDuk from the
BBTools suite (v.38.00; https://sourceforge.net/projects/bbmap). Reads
aligning to transfected plasmids with a Hamming distance <3 were
discarded. An overwhelming fraction of total reads (often >99%)
aligned to unintegrated pDonor molecules, limiting coverage of ge-
nomic integration events. UMIs were then extracted using umitools
(118) (v1.14, extract-bc-pattern=NNNNNNNNNN). Flank sequences
that passed filtering were then mapped to the GRCh38 reference genome
using Bowtie2 (119) (v2.4.2,-very-sensitive -no-mixed-no-discordant).
Alignments were UMI processed using umitools (dedup) (118). Lastly,
UMI-processed alignments were manually inspected, and insertion
events were defined as meeting the following criteria: >1 mapped read
per UMI, <3 mismatches in the genomic alignment, paired reads
mapped within 1200 bp of each other, and a primary read alignment.
Insertion events were considered on-target if they occurred <100 bp
downstream of the target site.
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DNA from E. coli PACE host cells was prepared for UDiTaS by re-
suspending pelleted host cells in water, incubating at 95°C for 10 min,
and purifying DNA via bead cleanup (Omega). DNA was quantified
using the Qubit High-Sensitivity Assay Kit (Thermo Fisher Scientific),
and 100 ng of DNA was tagmented and analyzed as described above,
except alignment was to a custom reference sequence containing the
E. coli DH10B genome (120) [from which the S2060 PACE strain is
derived (47)] and all PACE selection circuit plasmid sequences.

Analysis of ATAC-seq data

ATAC-seq data for HEK293 cells were obtained from GSE108513 (121) in
BigWig (bw) format and converted to BedGraph format using the UCSC
Genome Browser utility BigWigToBedGraph. For characterization of off-
target events (fig. S25D), the 200-bp sequences surrounding each of the
mapped off-target integration sites (previously aligned to the GRCh38
genome ) were re-aligned to the GRCh37 genome (used in the published
ATAC-seq dataset) using Bowtie2 with “~end-to-end” settings, with 55 of
56 off-targets successfully aligning. Off-target locations and the 1-kb sur-
rounding sequences were then extracted using samtools, and the average
ATAC-seq score for each 1-kb region was fetched using the bedtools map
function (7122). The average ATAC-seq score of all off-target regions was
then calculated. To perform a bootstrap analysis of randomly sampling
1-kb regions of the GRCh37 genome, the bedtools random function was
used to generate 20,000 unique sets of 55 1-kb regions. The ATAC-seq
scores for the 55 regions within each set were fetched using bedtools
map (122), and the averages of each set were used to generate the histo-
gram shown in fig. S25D.

To assess the relationship between ATAC-seq signal and on-target evo-
CAST integration efficiencies (fig. S27), the average ATAC-seq score for
each 1-kb region surrounding the target site was fetched using the bed-
tools map function (722). Pearson correlation analysis was performed
using Prism 10 (GraphPad) to assess the relationship between on-target
integration efficiency and the corresponding mean ATAC-seq score.

HEK293T fluorescent reporter assay for off-target integration and flow
cytometry analysis

A reporter assay for off-target integration in HEK293T cells was per-
formed as described previously (37), with minor modifications. Briefly,
HEK293T cells were seeded on 48-well poly-D-lysine coated plates
(Corning) at a density of 40,000 to 45,000 cells per well. 16 to 24 hours
after seeding, cells were transfected at 60 to 80% confluency using 1.5 pl
Lipofectamine 2000 (Thermo Fisher Scientific). TnsABC conditions con-
tained 300 ng pDonor, 100 ng pTnsAB, and 25 ng pTnsC. Bxbl conditions
contained 450 ng pDonor and 300 ng pBxb1 [plasmid amounts were kept
consistent with previously optimized amounts for efficient CAST (44)
and eePASSIGE (37) activity]. For all conditions, the donor contained
mCherry under a cytomegalovirus (CMV) promoter. Cells were passaged
for 2 weeks posttransfection to dilute the pDonor. Cells were then tryp-
sinized, resuspended in 1x PBS solution, and analyzed via flow cytometry
using the CytoFLEX LX Flow Cytometer (Beckman Coulter) at the Broad
Institute flow cytometry core.

Quantification of transgene expression via RT-ddPCR

To assess transgene expression, mRNA was isolated from HEK293T cells
or HuH? cells 4 days posttransfection using the RNeasy Plus kit (Qiagen).
400 to 800 ng of isolated RNA were treated with RQ1 RNase-free DNase
(Promega) for 1 hour at 37°C in a 10-pl reaction, and then combined with
1 pl RQ1 DNase Stop Solution (Promega) and incubated at 60°C for
10 min. 9 pul of DNase-treated RNA was used as input for a 20-pl reverse
transcription reaction containing the SuperScript IV Vilo Master Mix
(Thermo Fisher Scientific), performed according to manufacturer’s pro-
tocols. 1 pl of the reverse transcription reaction was used as input for a
25-pl (final volume ) ddPCR reaction containing a final concentration of
1x ddPCR Supermix for Probes (no dUTP) (BioRad), 900 nM of each
reference primer, 900 nM of each target primer, 250 nM reference probe
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(HEX-labeled), 250 nM target probe (FAM-labeled), and 0.2 U/ul HindIII
(New England BioLabs). For MECP2 quantification in HEK293T cells,
the target primer pair/probe was designed to be specific to the exon 1-exon
2 junction, where exon 2 of the integrated transgene was recoded such
that the target primer pair/probe did not detect endogenous MECP2 ex-
pression. For F9 quantification in HuH7 cells, the target primer pair/probe
was designed to be specific to the ALB exon 1-F9 exon 2 junction. Primer
pairs and probes are listed in table S12. The reference primer pair and
probe targeted TBP (BioRad, unique assay ID: dHsaCPE5058363). ddPCR
and analysis were performed as described for the quantification of inte-
gration efficiencies. Transgene expression was reported as the concentra-
tion of target transcripts divided by the concentration of 7BP transcripts.

Generation of a clonal evoCAST-edited HEK293T cell line

HEK293T cells were transfected according to the above protocol for
CASTs in HEK293T cells, except pPuroR was omitted. To enable selection
for edited cells, the transposon contained a splice acceptor and puromy-
cin resistance gene (table S11), such that integration into the transcrip-
tionally active AAVSI locus would enable puromycin resistance. Cells
were placed under selection with 1 pg/ml puromycin (Thermo Fisher
Scientific) 4 days posttransfection and passaged for >1 month (this long
duration was chosen to demonstrate the durability of CAST-edited cells
in a bulk-transfected population). Cells were then single-cell sorted into
poly-D-lysine coated 96-well plates (Corning) using a MA900 Cell Sorter
(Sony) with the single cell 3-drop setting. Sorted cells were monitored
after sorting, and wells with single colonies were marked for further
analysis. After the cells had expanded for ~10 days, marked wells were
split into two separate poly-D-lysine coated 96-well plates (Corning).
After additional expansion for 3 to 5 days, one plate of the expanded cells
was harvested for analysis of integration efficiency by ddPCR. Clonal cell
lines with detectable integration events via ddPCR were further ex
panded for cell line generation.

Transfection of HeLa and HuH7 cells

For HelLa cell transfections, cells were seeded on 48-well poly-D-lysine
coated plates (Corning) at a density of 30,000 cells per well. Between
16 to 24 hours after seeding, cells were transfected at 60 to 80% con-
fluency with 1 pl Lipofectamine 3000 (Thermo Fisher Scientific). For
HuH?7 cell transfections, cells were seeded on 48-well poly-D-lysine
coated plates (Corning) at a density of 40,000 cells per well. Between
16 to 24 hours after seeding, cells were transfected at 60 to 80% con-
fluency with 1.5 pl Lipofectamine 2000 (Thermo Fisher Scientific). For
both HeLa and Huh?7 cells, transfections used 50 ng pCas6, 50 ng
pCas7, 50 ng pCas8, 50 ng pTniQ, 150 ng pTnsAB, 25 ng pTnsC, 300
ng pDonor-crRNA, and 20 ng pPuroR. For HeLa transfections with
ClpX, 20 ng pClpX was used. At 24 hours posttransfection, media was
exchanged for fresh DMEM + 10% FBS containing 1 ug/ml puromycin
(Thermo Fisher Scientific) to select for transfected cells. Cells were
cultured for 3 days following media change, for a total of 4 days in-
cubation posttransfection. Genomic DNA isolation was performed as
described above for HEK293T transfections.

Nucleofection of K562 cells

For K562 nucleofections, 3 pg of CAST components [same ratio of com-
ponents as used in HEK293T cell experiments: 215 ng pCas6, 215 ng
pCas7, 215 ng pCas8, 215 ng pTniQ, 647 ng pTnsAB, 108 ng pTnsC,
1.29 pg pDonor-crRNA, 86 ng pPuroR, and 86 ng pClpX (if used)] were
nucleofected in a final volume of 20 pl in a 16-well nucleocuvette strip
(Lonza). Cells were nucleofected using the SE Cell Line 4D-Nucleofector
X Kit (Lonza), with 500,000 cells per sample (program FF-120), according
to the manufacturer’s protocol. At 24 hours posttransfection, 1 ug/ml
puromycin (Thermo Fisher Scientific) was added to wells to select for
transfected cells. Cells were cultured for 3 days following media change,
for a total of 4 days incubation posttransfection. Genomic DNA isolation
was performed as described above for HEK293T transfections.
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Primary human fibroblast cell culture conditions and electroporation
Following the Declaration of the Helsinki Principles, primary dermal
fibroblast cells were obtained from a recessive dystrophic epidermolysis
bullosa (RDEB) patient via a 3-mm punch biopsy. Tissue was minced and
plated in a 6-well dish. Adherent cells were expanded and cultured in MEM-
alpha complete media containing 20% (v/v) fetal bovine serum (Atlas
Biologicals, F-0500-D), 1x Glutamax, 1x penicillin/streptomycin (Thermo
Fisher 15-140-122), 1x Antioxidant Supplement (Sigma Aldrich, A1345), 1x
nonessential amino acids (Thermo Scientific, 11140050), 10 ng/ml epidermal
growth factor (Sigma Aldrich, E4127), and 0.5 ng/ml fibroblast growth factor
(Sigma Aldrich F3133). Fibroblasts were passaged when at 100% conflu-
ency. For evoCAST experiments, cells were cultured in a T-150 flask
(Fisher Scientific 1012634)) and harvested by trypsinization using Trypsin-
EDTA (0.25%; Thermo Scientific 25200114:). Cells were removed using
complete media, and then washed and resuspended in Neon Buffer R.

Per condition, two electroporations of 100,000 cells each were per-
formed using the Neon NXT instrument (Thermo Fisher) with the fol-
lowing protocol: 1700V, 20 ms, 1 pulse, using buffers R and E10 with 10-pl
tips. Each electroporation (per 100,000 cells) contained: 200 ng pCas6,
200 ng pCas?, 200 ng pCas8, 200 ng pTniQ, 800 ng pTnsAB, 200 ng
pTnsC, 582 ng linearized donor-crRNA, and 80 ng pClpX (if added).
Donor-crRNA was delivered as linear DNA to mitigate total DNA mass
and related DNA toxicity. Both electroporation reactions were combined
into one well of a 24-well plate (thus constituting a single replicate) con-
taining MEM-alpha complete media as above, but without penicillin and
streptomycin. Complete, conditioned media from parental fibroblasts was
added ~4 hours postelectroporation and then replenished daily until har-
vest. Cells were harvested 5 days postelectroporation. Media was first
removed, then cells were trypsinized (Trypsin-EDTA (0.25%); Thermo
Scientific 25200114) and harvested in the MEM-alpha media. Resuspended
cells were pelleted by centrifugation, and genomic DNA was isolated using
the Monarch Genomic DNA Purification Kit (New England BioLabs,
T3010S). Maintaining high cell density postelectroporation was critical to
preserving cell viability and observing higher editing, as the above elec-
troporation protocol using a 12-well plate, rather than a 24-well plate, led
to substantially fewer viable cells and an associated lower editing (<1%).

To assess viability, cells were imaged 48 hours postelectroporation
with a Leica DMil microscope (Thomas Scientific) using the 5x mag-
nification objective.
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